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ABSTRACT 
Rock fracture using continuous, high speed water jets is an existing technology used in 
the mining industry.  However, it appears that a number of potential benefits can be 
derived by using pulsed liquid jet technique instead.  Reductions in energy and water 
consumption should be possible because of improvements in efficiency associated with 
the pulsed water jet technique.  However before a pulsed jet technique can be optimised 
and implemented in a practical system that yields the anticipated performance 
improvements relative to the continuous jet system, a thorough understanding of the 
physical processes involved needs to be obtained.   
This project endeavoured to gain a better understanding of pulsed jet technology by 
modifying the USQ gas gun to include a water reservoir downstream of the barrel which 
was used to generate a single, high speed water jet for analysis.  A piston with a mass of 
approximately 55 grams was arranged to impact on the reservoir at different speeds up 
to 300 m/s.  Pressures above 300 MPa were generated in the water reservoir when the 
piston was decelerated, and these pressures were sufficient to generate a single pulsed 
water jet at speeds over 1000 m/s.   
High speed photography was used to visualise the establishment of the high speed water 
jet and analyse the characteristics of the pulse. The pulse impacted on a strike plate 
which was attached to a vertical brass tube that extended to the floor. The brass tube 
was instrumented with strain gauges to characterise the high speed water jet. A pressure 
transducer was used at low pressures to determine the magnitude of the pressure pulse 
in the water reservoir. This data was then correlated with data recovered from the brass 
tube to establish a relationship between the two.  
 
ii 
University of Southern Queensland 
Faculty of Engineering and Surveying 
ENG4111 & ENG4112 Research 
Project 
 
 
Limitations of Use 
 
The Council of the University of Southern Queensland, its Faculty of Engineering and 
Surveying, and the staff of the University of Southern Queensland, do not accept any 
responsibility for the truth, accuracy or completeness of material contained within or 
associated with this dissertation. 
Persons using all or any part of this material do so at their own risk, and not at the risk 
of the Council of the University of Southern Queensland, its Faculty of Engineering and 
Surveying or the staff of the University of Southern Queensland. 
This dissertation reports an educational exercise and has no purpose of validity beyond 
this exercise. The sole purpose of the course pair entitled “Research Project” is to 
contribute to the overall education within the student’s chosen degree program. This 
document, the associated hardware, software, drawings, and other material set out in the 
associated appendices should not be used for any other purpose: if they are so used, it is 
entirely at the risk of the user. 
 
Professor Frank Bullen 
Dean 
Faculty of Engineering and Surveying 
iii 
Certification 
 
 
I certify that the ideas, designs and experimental work, results, analysis and conclusions 
set out in this dissertation are entirely my own effort, except where otherwise indicated 
and acknowledged. 
I further certify that the work is original and has not been previously submitted for 
assessment in any other course of institution, except where specifically stated. 
 
 
 
 
 
 
 
 
Edward Thomas Cleary 
Student Number: 0050021030 
 
___________________________________    Signature 
 
___________________________________     Date 
 
iv 
ACKNOWLEDGEMENTS 
 
I would like to especially thank my supervisor Assoc Professor David Buttsworth for 
his enthusiasm, support and guidance during the undertaking of this project, and for 
helping me back on track when things started to go wrong. 
I would like to thank the Chris Galligan from the USQ workshop for his input into the 
construction of the Pulse Delivery System (PDS); and Brian Aston for the hours both he 
and Chris put into subsequent modifications. 
I would also like to thank the Engineering Faculty of the University of Queensland, 
especially Rainer Kirchhartz and Andrew Ridings for their assistance in the physical 
application of the strain gauges; and, Assoc Professor David Mee and Professor Richard 
Morgan for the loan of the charge amplifiers, impact hammer, and the high speed 
camera. 
Finally I would like to thank my wife Celeste for her constant support and superior 
grasp of the English language; and my boys for keeping out of the office while I was 
busy, especially during “matlab” times. 
v 
TABLE OF CONTENTS 
CERTIFICATION ............................................................................................................................................... III 
1 INTRODUCTION ...................................................................................................................................... 1 
1.1 RATIONAL .......................................................................................................................................... 1 
1.2 OBJECTIVES AND METHODOLOGY ........................................................................................................... 2 
1.3 OVERVIEW ......................................................................................................................................... 3 
1.4 CONCLUSION ..................................................................................................................................... 5 
2 BACKGROUND........................................................................................................................................ 6 
2.1 INTRODUCTION ................................................................................................................................... 6 
2.2 STRESS WAVES IN MATERIALS ................................................................................................................ 6 
2.3 PIEZOELECTRIC STRAIN GAUGES .............................................................................................................. 8 
2.4 CURRENT ROCK BREAKING METHODS....................................................................................................... 8 
2.4.1 Background on current secondary breaking methods .......................................................... 8 
2.5 USING HIGH PRESSURE WATER PULSE FOR SECONDARY BREAKING: ............................................................ 10 
2.5.1 Existing problems associated with High Pressure Water Pulse .......................................... 11 
2.6 USQ GAS GUN ................................................................................................................................ 12 
2.6.1 The Gas Gun ....................................................................................................................... 12 
2.6.2 Existing data ....................................................................................................................... 14 
3 DESIGN OF PULSE DELIVERY SYSTEM ................................................................................................... 17 
3.1 INTRODUCTION ................................................................................................................................. 17 
3.2 INPUT PARAMETERS ........................................................................................................................... 18 
3.2.1 Piston velocity: .................................................................................................................... 18 
3.2.2 Piston driving pressure: ...................................................................................................... 19 
3.3 PULSE DELIVERY SYSTEM DESIGN PARAMETERS ....................................................................................... 22 
3.3.1 The Adaptor and Top plate: ................................................................................................ 22 
3.3.2 Air relief spacer: .................................................................................................................. 24 
3.3.3 High pressure water reservoir: ........................................................................................... 25 
3.3.4 16 mm Holding bolts: ......................................................................................................... 27 
3.3.5 Nozzle plate: ....................................................................................................................... 28 
vi 
3.3.6 Conclusion: ......................................................................................................................... 29 
4 DESIGN OF DATA ACQUISITION ARRANGEMENT .................................................................................. 30 
4.1 INTRODUCTION ................................................................................................................................. 30 
4.2 THE TUBE ........................................................................................................................................ 30 
4.2.1 Material selection ............................................................................................................... 30 
4.2.2 The length of the stress pulse in the brass tube ................................................................. 31 
4.2.3 Expected strain in the brass tube ....................................................................................... 31 
4.3 THE BRASS END PLUGS ....................................................................................................................... 33 
4.3.1 The top brass plug .............................................................................................................. 33 
4.3.2 The bottom brass plug ........................................................................................................ 35 
4.4 THE BASE ........................................................................................................................................ 36 
4.5 FIXING THE PIEZOELECTRIC STRAIN GAUGES TO THE BRASS TUBE .................................................................. 37 
4.6 CONCLUSION ................................................................................................................................... 43 
5 CALIBRATING THE BRASS TUBE ............................................................................................................ 44 
5.1 INTRODUCTION ................................................................................................................................. 44 
5.2 IMPULSE RESPONSE FROM CALIBRATION HAMMER AND STRAIN GAUGES ....................................................... 45 
5.3 THE DE-CONVOLVED DATA FROM THE BRASS TUBE ................................................................................... 46 
5.4 CONCLUSION ................................................................................................................................... 48 
6 RESULTS ............................................................................................................................................... 49 
6.1 COMMISSIONING AND SAFETY CONSIDERATIONS ...................................................................................... 49 
6.2 EXPECTED OUTCOMES ........................................................................................................................ 49 
6.2.1 Expected water reservoir pressure ..................................................................................... 50 
6.2.1.1 The piston velocity: ..................................................................................................................50 
6.2.1.2 The water reservoir pressure ...................................................................................................51 
6.2.2 Expected high pressure water pulse velocity ...................................................................... 53 
6.2.3 Expected force on the brass tube strike plate..................................................................... 53 
6.2.3.1 The water hammer equation ...................................................................................................54 
6.3 DATA AND ANALYSIS FROM GAS GUN SHOTS 1 TO 7 ................................................................................. 55 
6.3.1 Outcomes from the pressure transducer ............................................................................ 55 
vii 
6.3.2 Outcomes from the Pulse Delivery System ......................................................................... 57 
6.4 DATA AND ANALYSIS FROM GAS GUN SHOTS 8 TO 16 ............................................................................... 58 
6.4.1 Optical data ........................................................................................................................ 59 
6.4.2 High speed camera data ..................................................................................................... 61 
6.4.2.1 Water pulse leading edge velocity ...........................................................................................61 
6.4.2.2 Velocity of pulse spread after impact with brass tube ............................................................62 
6.4.2.3 The reflected pressure pulse ...................................................................................................66 
6.4.2.4 The mean pulse density ...........................................................................................................68 
6.5 DE-CONVOLVED DATA FROM THE STRAIN GAUGES.................................................................................... 72 
6.5.1 System losses at similar distances from the nozzle but different piston driving pressures 73 
6.5.2 System losses at different distances from the nozzle but similar piston driving pressures 75 
7 ANALYSIS AND DISCUSSION ................................................................................................................. 77 
7.1 THE EFFECTIVENESS OF THE PDS .......................................................................................................... 77 
7.2 THE PRESSURE TRANSDUCER ................................................................................................................ 77 
7.3 THE OPTICAL SENSORS ........................................................................................................................ 77 
7.4 THE WATER PULSE LEADING EDGE VELOCITY ............................................................................................ 78 
7.5 THE VELOCITY OF PULSE SPREAD AFTER IMPACT WITH THE TOP OF THE BRASS TUBE ......................................... 78 
7.6 THE REFLECTED PRESSURE PULSE .......................................................................................................... 79 
7.7 THE DENSITY OF THE WATER PULSE ON IMPACT ....................................................................................... 79 
7.8 THE DE-CONVOLVED FORCE DATA ......................................................................................................... 80 
7.8.1 The system losses at similar distances from the nozzle but different piston driving 
pressures ........................................................................................................................................... 81 
7.8.2 The system losses at different distances from the nozzle but similar piston driving 
pressures ........................................................................................................................................... 81 
7.9 OVERVIEW ....................................................................................................................................... 82 
8 CONCLUSION ....................................................................................................................................... 84 
8.1 INTRODUCTION ................................................................................................................................. 84 
8.2 PROJECT OBJECTIVES ACHIEVED ............................................................................................................ 84 
8.3 LIMITATIONS OF STUDY ...................................................................................................................... 85 
viii 
8.4 DIRECTIONS OF FUTURE STUDY ............................................................................................................ 86 
8.4.1 Further analysis of a high pressure water pulse: ................................................................ 86 
8.4.2 Future analysis of effects high pressure pulses have on rock ............................................. 87 
REFERENCES .................................................................................................................................................. 88 
APPENDIX A: PROJECT SPECIFICATION ............................................................................................................ 1 
APPENDIX B: PROJECT TIMELINE ..................................................................................................................... 1 
APPENDIX C: DATA FROM GAS GUN SHOTS .................................................................................................... 1 
APPENDIX D: RISK ASSESSMENT ...................................................................................................................... 1 
APPENDIX E: MATLAB FILES ............................................................................................................................ 1 
APPENDIX F: GAS GUN FIRING PROCEDURE .................................................................................................... 1 
APPENDIX G: DETAILED DRAWINGS ................................................................................................................ 1 
APPENDIX H: IMPULSE FORCE HAMMER SPECIFICATIONS ............................................................................... 1 
 
 
ix 
TABLE OF FIGURES 
FIGURE 2.1 A SCHEMATIC ILLUSTRATION OF THE USQ GAS GUN .............................................................................. 13 
FIGURE 2.2 THE USQ GAS GUN WITH PDS ATTACHED........................................................................................... 14 
FIGURE 2.3 THE PRESSURE TRANSDUCER OUTPUT SHOWING THE PRESSURE DECAY OVER TIME IN A COLUMN OF WATER WITH A 
PISTON MASS OF 0.0548 KG AND A VELOCITY OF 124 M/S ............................................................................ 16 
FIGURE 3.1 THE PULSED DELIVERY SYSTEM MODELLED IN PRO-ENG ......................................................................... 18 
FIGURE 3.2 THE ALUMINIUM PISTON .................................................................................................................. 20 
FIGURE 3.3 THE ADAPTOR BETWEEN THE GAS GUN BARREL AND THE PDS .................................................................. 22 
FIGURE 3.4 THE TOP PLATE ............................................................................................................................... 23 
FIGURE 3.5 THE AIR RELIEF SPACER .................................................................................................................... 24 
FIGURE 3.6 THE HIGH PRESSURE WATER RESERVOIR ............................................................................................... 25 
FIGURE 3.7 THE NOZZLE PLATE .......................................................................................................................... 28 
FIGURE 4.1DRAWING OF THE TOP PLUG .............................................................................................................. 34 
FIGURE 4.2 THE BRASS PLUG AND SACRIFICIAL HEAT TREATED STEEL BISCUIT FOR THE HPWP TO STRIKE ........................... 34 
FIGURE 4.3: THE BOTTOM BRASS PLUG ............................................................................................................... 35 
FIGURE 4.4: THE PROFILE OF THE BASE PLATE ....................................................................................................... 36 
FIGURE 4.5: PLAN VIEW OF THE BASE PLATE ......................................................................................................... 37 
FIGURE 4.6: PREPPING THE BRASS TUBE BEFORE THE PIEZOELECTRIC FILM STRAIN GAUGES ARE ATTACHED ........................ 38 
FIGURE 4.7: THE END OF THE PIEZOELECTRIC FILM GLUED TO THE BRASS TUBE ............................................................. 39 
FIGURE 4.8: APPLYING THE CONDUCTIVE EPOXY TO THE TUBE .................................................................................. 40 
FIGURE 4.9: THE ATTACHED GAUGES BEFORE WIRING HAS TAKEN PLACE .................................................................... 41 
FIGURE 4.10: CHECKING THE STRAIN GAUGES WITH A MULTIMETER .......................................................................... 42 
FIGURE 4.11: THE PIEZOELECTRIC STRAIN GAUGES WIRED UP TO RECEIVE DATA ........................................................... 42 
FIGURE 5.1: THE IMPULSE HAMMER BEING USED TO CALIBRATE THE BRASS TUBE ......................................................... 44 
FIGURE 5.2: IMPULSE VOLTAGE SIGNALS FROM THE IMPULSE HAMMER AND THE STRAIN GAUGES .................................... 46 
FIGURE 5.3: THE DE-CONVOLVED DATA FROM HAMMER CALIBRATION 1, 2 AND 3; AND SHOT 14, 15 AND 16 ................. 47 
FIGURE 5.4: THE IMPULSE RESPONSE OF THE IMPULSE FILTER ................................................................................... 47 
FIGURE 6.1: COMPARISON FOR PISTON SPEEDS AT IMPACT WITH CONSTANT ACCELERATION FOR A RANGE OF PISTON DRIVING 
PRESSURES FROM EXPERIMENTAL RESULTS TABULATED IN APPENDIX C. (BUTTSWORTH, 2006) ............................. 50 
FIGURE 6.2: THE RELATIONSHIP BETWEEN THE PISTON DRIVING PRESSURE AND THE WATER RESERVOIR PRESSURE IN MPA ... 52 
FIGURE 6.3: PRESSURE TRANSDUCER OUTPUT FROM RUN 6 ..................................................................................... 56 
FIGURE 6.4: THE LAYOUT OF THE GEAR USED FOR RUN 8 TO RUN 16 ......................................................................... 59 
FIGURE 6.5: OPTICAL DATA FROM SHOT 8 ........................................................................................................... 60 
FIGURE 6.6: THE ACTUAL PULSE FRONT VELOCITY COMPARED TO THE EXPECTED PULSE FRONT VELOCITY USING BERNOULLI'S 
EQUATION ............................................................................................................................................ 62 
FIGURE 6.7: SHOT 11 PULSE SPREAD VELOCITY ..................................................................................................... 63 
FIGURE 6.8: SECOND PULSE PROPAGATION .......................................................................................................... 63 
FIGURE 6.9: SHOT 12 PULSE SPREAD VELOCITY ..................................................................................................... 64 
x 
FIGURE 6.10: SHOT 13 PULSE SPREAD VELOCITY ................................................................................................... 65 
FIGURE 6.11: SHOT 14 PULSE SPREAD VELOCITY ................................................................................................... 66 
FIGURE 6.12: THE REFLECTED WAVES THROUGH THE WATER RESERVOIR AND THE ALUMINIUM PISTON ............................ 67 
FIGURE 6.13: SEPARATION OF DISCRETE SECTIONS OF THE PULSE AT A PISTON DRIVING PRESSURE OF 607 KPA .................. 68 
FIGURE 6.14: GEOMETRY OF THE JET (BUZUKOV, 1999) ........................................................................................ 69 
FIGURE 6.15: THE EXPECTED FORCE DATA VS THE EXPERIMENTAL FORCE DATA FROM THE STRAIN GAUGES AT DIFFERENT 
PISTON DRIVING PRESSURES BUT SIMILAR DISTANCES BETWEEN THE NOZZLE AND THE BRASS TUBE .......................... 75 
FIGURE 6.16: PRESSURE IN THE BRASS TUBE FROM THE HPWP AT SIMILAR PISTON DRIVING PRESSURES BUT DIFFERENT 
DISTANCES FROM THE NOZZLE. ................................................................................................................. 76 
FIGURE C1: RUN 1 DATA FROM THE PRESSURE TRANSDUCER (MV) ........................................................................... C8 
FIGURE C.2: RUN 2 DATA FROM THE PRESSURE TRANSDUCER (MV) .......................................................................... C8 
FIGURE C.3: RUN 5 DATA FROM THE PRESSURE TRANSDUCER (MV) .......................................................................... C9 
FIGURE C.4: RUN 6 DATA FROM THE PRESSURE TRANSDUCER (MV) .......................................................................... C9 
FIGURE C.5: RUN 7 DATA FROM THE PRESSURE TRANSDUCER (MV) ........................................................................ C10 
FIGURE C.6: RUN 8 DATA FROM THE STRAIN GAUGES (MV) ................................................................................... C11 
FIGURE C.7: RUN 9 DATA FROM STRAIN GAUGES (MV) ......................................................................................... C11 
FIGURE C.8: RUN 10 DATA FROM STRAIN GAUGES (MV)....................................................................................... C12 
FIGURE C.9: RUN 11 DATA FROM THE STRAIN GAUGES (MV) ................................................................................. C12 
FIGURE C.10: RUN 12 DATA FROM THE STRAIN GAUGES (MV) ............................................................................... C13 
FIGURE C.11: RUN 13 DATA FROM THE STRAIN GAUGES (MV) ............................................................................... C13 
FIGURE C.12: RUN 14 DATA FROM THE STRAIN GAUGES (MV) ............................................................................... C14 
FIGURE C.13: RUN 15 DATA FROM THE STRAIN GAUGES (MV) ............................................................................... C14 
FIGURE C.14: RUN 16 DATA FROM THE PRESSURE TRANSDUCER (MV) .................................................................... C15 
FIGURE C.15: RUN 8 OPTICAL DATA PLOT .......................................................................................................... C16 
FIGURE C.16: RUN 9 OPTICAL DATA PLOT .......................................................................................................... C16 
FIGURE C.17: RUN 10 OPTICAL DATA PLOT........................................................................................................ C17 
FIGURE C.18: RUN 12 OPTICAL DATA PLOT........................................................................................................ C17 
FIGURE C.19: RUN 13 OPTICAL DATA PLOT........................................................................................................ C18 
FIGURE C.20: RUN 14 OPTICAL DATA PLOT........................................................................................................ C18 
FIGURE C.21: RUN 11 HIGH SPEED CAMERA SHOTS ............................................................................................ C19 
FIGURE C.22: RUN 12 HIGH SPEED CAMERA SHOTS ............................................................................................ C20 
FIGURE C.23: RUN 13 HIGH SPEED CAMERA SHOTS ............................................................................................ C21 
FIGURE C.24: RUN 14 HIGH SPEED CAMERA SHOTS ............................................................................................ C22 
FIGURE C.25: DE-CONVOLVED DATA FROM SHOT 8 ............................................................................................. C23 
FIGURE C.26: DE-CONVOLVED DATA FROM SHOT 9 ............................................................................................. C23 
FIGURE C.27: DE-CONVOLVED DATA FROM SHOT 10 ........................................................................................... C24 
FIGURE C.28: DE-CONVOLVED DATA FROM SHOT 11 ........................................................................................... C24 
FIGURE C.29: DE-CONVOLVED DATA FROM SHOT 12 ........................................................................................... C25 
xi 
FIGURE C.30: DE-CONVOLVED DATA FROM SHOT 13 ........................................................................................... C25 
FIGURE C.31: DE-CONVOLVED DATA FROM SHOT 14 ........................................................................................... C26 
FIGURE C.32: DE-CONVOLVED DATA FROM SHOT 15 ........................................................................................... C26 
FIGURE C.33: DE-CONVOLVED DATA FROM SHOT 16 ........................................................................................... C27 
 
xii 
LIST OF TABLES 
TABLE 3.1: THE STRESS DIFFERENCE BETWEEN VARIOUS COMPONENTS ...................................................................... 29 
TABLE 4.1: THE ACOUSTIC SPEED OF SOUND IN METALS .......................................................................................... 30 
TABLE 6.1: PISTON VELOCITY ON IMPACT ............................................................................................................. 51 
TABLE 6.2: PRESSURE IN THE WATER RESERVOIR ................................................................................................... 52 
TABLE 6.3: EXPECTED VELOCITY USING BERNOULLI’S EQUATION FOR EXPECTED PISTON DRIVING PRESSURES ...................... 53 
TABLE 6.4: EXPECTED FORCE ON TUBE ................................................................................................................ 55 
TABLE 6.5: PISTON VELOCITY............................................................................................................................. 60 
TABLE 6.6: VELOCITY OF LEADING EDGE COMPARED WITH EXPECTED VELOCITY ............................................................ 61 
TABLE 6.7: DE-CONVOLVED DATA FROM THE STRAIN GAUGES .................................................................................. 73 
TABLE 6.8: THE PISTON DRIVING PRESSURE: THE EXPECTED FORCE FROM THE WATER HAMMER EQUATION; AND THE FORCE 
FROM THE STRAIN GAUGES ...................................................................................................................... 74 
TABLE 6.9: SYSTEM LOSSES FOR DIFFERENT DISTANCES FROM NOZZLE BUT SIMILAR PISTON DRIVING PRESSURES ................. 76 
TABLE C.1: SHOT NUMBER 1 INPUT DATA ............................................................................................................ C2 
TABLE C.2: SHOT NUMBER 2 INPUT DATA ............................................................................................................ C2 
TABLE C.3: SHOT NUMBER 3 INPUT DATA ............................................................................................................ C2 
TABLE C.4: SHOT NUMBER 4 INPUT DATA ............................................................................................................ C2 
TABLE C.5: SHOT NUMBER 5 INPUT DATA ............................................................................................................ C2 
TABLE C.6: SHOT NUMBER 6 INPUT DATA ............................................................................................................ C3 
TABLE C.7: SHOT NUMBER 7 INPUT DATA ............................................................................................................ C3 
TABLE C.8: SHOT NUMBER 8 INPUT DATA ............................................................................................................ C3 
TABLE C.9: SHOT NUMBER 9 INPUT DATA ............................................................................................................ C4 
TABLE C.10: SHOT NUMBER 10 INPUT DATA ........................................................................................................ C4 
TABLE C.11: SHOT NUMBER 11 INPUT DATA ........................................................................................................ C5 
TABLE C.12: SHOT NUMBER 12 INPUT DATA ........................................................................................................ C5 
TABLE C.13: SHOT NUMBER 13 INPUT DATA ........................................................................................................ C6 
TABLE C.14: SHOT NUMBER 14 INPUT DATA ........................................................................................................ C6 
TABLE C.15: SHOT NUMBER 15 INPUT DATA ........................................................................................................ C7 
TABLE C.16: SHOT NUMBER 16 INPUT DATA ........................................................................................................ C7 
xiii 
GLOSSARY OF TERMS 
PDS:   Pulse Delivery System 
HPWP:   High pressure water pulse 
Secondary Breaking: Re-breaking fired rock  
ROM hopper:  Run of mine hopper 
Ore-pass:  Hole or pass through which broken is transported using gravity 
Bomb bay:   Special bays situated near ore-passes for firing large rocks 
OD:   Outside diameter 
ID:   Inside diameter 
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1 Introduction 
This project endeavours to analyse a single high pressure water pulse (HPWP) delivered 
from a pressured water reservoir attached to the modified USQ Gas Gun. The generated 
pulse was visually analysed using a Hyper Vision HPV-1 High Speed Video Camera to 
determine what the pressure wave in front of the pulse looked like, and to optimise the 
distance between the nozzle and a brass strike plate. The brass strike plate was attached 
to a 25.4 mm diameter brass tube with a 0.91mm wall thickness, extending vertically to 
the floor. This brass tube had piezoelectric film strain gauges attached to analyse the 
pulse pressure wave delivered by the HPWP. The output signal from the brass tube was 
calibrated using a calibration hammer that had an inbuilt strain gauge, to determine the 
input signal when it is struck against the end of the brass tube. The transfer function of 
this system was calculated so the force from the water pulse against the end of the brass 
tube could be predicted from the output signal from the strain gauges on the brass tube. 
Correlation between the expected pressure pulse in the water reservoir and the strain in 
the brass tube was analysed to try and determine system losses and why they might be 
occurring. 
1.1 Rational 
There is particular interest in the mining industry to use HPWP technology for 
secondary breaking. Traditionally explosives or mechanical rock breakers are used for 
secondary breaking; however HPWP technology offers a less expensive and more 
versatile way to break large rocks than traditional secondary breaking methods. 
This project looked at the feasibility of using this technology to break rock by analysing 
a single HPWP. The technology using HPWP for metal, ceramic and tungsten cutting 
has been in use for nearly 50 years but it is still not widely used in the mining industry.  
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1.2 Objectives and Methodology 
This project hopes to gain a better understanding of pulsed liquid jets by analysing a 
single pulsed water jet. The objectives undertaken to achieve this are: 
• Investigate current methods of rock breaking and identify some problems 
associated with the use of these methods in the mining industry. Investigate the 
advantages of using Pulsed Water Technology as a secondary breaking tool in 
underground hard rock mining. 
• Design a Pulse Delivery System (PDS) to be attached to the existing USQ Gas 
Gun. The PDS needs to be able to withstand pressures up to 1 GPa within the 
water reservoir.  
• Once the design has been completed, it will be submitted to the USQ workshop 
for construction. 
• A risk assessment will be carried out to minimise hazards associated with the use 
of the PDS.  
• When the PDS has been built and the risk assessment conducted, it will be 
commissioned using low piston driving pressures. This will be done in the 
presence of the USQ Safety Officer and a review of the risk assessment will be 
completed. 
• Low piston driving pressures will be used to analyse the pressure pulse within the 
water reservoir using a M109B11 pressure transducer which will be inserted into 
the water reservoir to collect the pressure pulse data. Strain gauges attached to a 
brass tube will then analyse the pressure pulse delivered from the nozzle of the 
PDS via a high speed water pulse. A correlation between the two sets of data will 
be used for high pressure testing using a different water reservoir without the 
pressure transducer port.  
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• Compare the varying system losses at different distances between the nozzle and 
the top of the brass tube at similar piston driving pressures. 
• Compare the varying system losses at similar distances between the nozzle and 
the top of the brass tube at different piston driving pressures. 
• Visualise and measure the characteristics of the pressure pulse using a high speed 
camera to try and understand system losses. 
1.3 Overview 
The technology to create pulsed liquid jets has been around for a long time however 
despite certain advantages, it has had limited use in the mining industry for rock 
breaking. The first chapter of this dissertation outlines some goals to achieving a better 
understanding of a single pulsed liquid jet, and subsequent chapters will discuss the 
methods used to achieve these goals. 
Chapter 2 reviews: 
• stress waves in materials and the type of stress waves that will be analysed in this 
project 
•  A summary of piezoelectric strain gauges  
• Current rock breaking methods 
• Advantages of using HPWP in underground mining 
• An overview on the USQ gas gun and previous experiments carried out with it to 
understand its capacity and therefore gain an idea on expected outcomes from 
testing required for this project. 
Chapter 3 outlines the design of the PDS. The design also incorporates a relatively easy 
and fast reloading system. The PDS has 2 functions; low pressure pulse testing using a 
pressure transducer ported into the side of the water reservoir, and high pressure pulse 
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testing where a different water reservoir with no pressure transducer port. A risk 
assessment will be carried out to minimise the risk associated with using the PDS.  
Chapter 4 outlines the design of the brass tube and strike plate to analyse pressures 
delivered by the pulsed water jet. 
Chapter 5 outlines the calibration of the brass tube  
Chapter 6 outlines the commissioning of the PDS and the results and data from shots 1 
to 16 
Chapter 7 analyses the results from Chapter 6 by investigating: 
• The effectiveness of the PDS 
• The effectiveness of the pressure transducer 
• Expected water reservoir pressures; pulse velocity; and force on the strike plate 
• The effectiveness of the optical sensors 
• The water pulse leading edge velocity 
• The velocity of the pulse spread after impact with the strike plate 
• The origin of the reflected pressure pulse 
• The mean density of the pressure pulse on impact with the strike plate 
• System losses at SIMILAR piston driving pressures but DIFFERENT distances 
from the nozzle 
• System losses at DIFFERENT piston driving pressures but SIMILAR distances 
from the nozzle. 
Chapter 8 will offer conclusions on project objectives achieved; limitations of study; 
and directions for further study. 
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1.4 Conclusion 
It is expected that by designing a system that can propagate a HPWP and a means of 
acquiring the data from this pulse, we will be able to gain a better understanding of the 
characteristics of the pulse with the hope of highlighting some of the problems 
associated with using this technology in the mining industry to break rock. 
It is hoped that the data gathered from this project can highlight some of these problems 
and be a good basis for future work in this area so this technology can be made 
available in the broader industry. 
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2  Background 
2.1 Introduction 
The aim of this project is to analyse a single HPWP to discover system losses and why 
the technology is not used in the mining industry. In order to have a better 
understanding of the process, a good understanding of the background is necessary. 
This chapter will endeavour to do this by looking at the way stress waves behave in 
materials; the workings of piezoelectric strain gauges; current secondary breaking 
methods and some of the disadvantages in using these methods, plus advantages with 
using HPWP as a secondary breaking tool.  
The USQ gas gun has been used before in experiments to develop an analytical solution 
to the pressure decay in a sealed column of water. This previous experiment is also 
discussed in this chapter to illustrate how the gas gun works and how this analytical 
solution will be used in this project. 
2.2 Stress waves in materials 
Mechanically induced stresses are produced in rocks by impact and erosion. Cracks are 
propagated when the tensile strength of the rock is exceeded thus causing brittle failure. 
These stresses travel through the rock in the form of waves at different speeds and 
magnitudes. There are many different types of stress waves and a range of ways to 
investigate them, however in this project only a basic understanding of stress waves in 
materials will be needed.  
Longitudinal waves are one of the simplest ways to analyse stress waves. They are one 
dimensional and occur parallel to the axis when a force impacts the end of a long tube 
or bar.  The particles reacting to the force can be compressive; they move in the 
direction of the wave, or tensile; they move in the opposite direction of the wave 
(Kolsky 1963). 
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A one dimensional analysis is only sufficient when the force is applied consistently over 
the end of the bar of tube and is applied at 90° to the centre of the face of the tube. The 
data acquisition tube used in this project must therefore be aligned directly under the 
nozzle of the PDS for a simple one dimensional analysis to occur.  
When a force impacts the end of a bar or tube, a compression of particles in the 
immediate impact area will occur. This compression causes a strain, hence a stress in 
this area. The rest of the bar will be comparatively stress free so the particles will begin 
to move to attempt to regain equilibrium. This shifting of particles is known as the wave 
front whose speed depends on the material the force impacts on. In one dimensional 
theory there will be no dispersion, however in practice there will be some losses. 
(Kolsky, 1963) 
The longitudinal wave speed can be calculated by: 
3
  
Where:
  Longitudinal wave speed (m/s)
 Young's modulus (Pa)
 Density (kg/m )
L
L
EC
C
E
ρ
ρ
=
=
=
=
 
The material and length of the bar or tube will have some bearing on the time taken for 
the stress wave to reach the end. The required material and length of the tube used can 
be calculated using the following formula: 
  
Where:
 Time it takes for the wave to travel length of bar or tube (s)
 Length of bar of tube (m)
  Longitudinal wave speed (m/s)
L
L
L
t
C
t
L
C
∆∆ =
∆ =
∆ =
=
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2.3 Piezoelectric strain gauges 
Piezoelectric strain gauges are made from piezoelectric film which is based on 
polyvinylidene fluoride (Belova, 1989). It has the ability to generate a voltage that is 
proportional to an applied mechanical stress without needing a power supply. It is 
useful as a strain sensor because the film is very thin and flexible, so can take the shape 
of most objects. The gauge is cut from a piece of piezoelectric film that is between 20 
and 50 micron thick. The top and bottom of the film is made of a conductive material 
that is held apart by a thin insulating material. Care must be taken when cutting the film 
so small tags do not occur which can short circuit the 2 conductive layers. For this 
reason a sharp knife or surgical scalpel must be used. The film is uniaxially orientated, 
metallised, and polarised so it is essential to orientate the gauge so the direction of the 
applied strain coincide with the axis of orientation of the piezoelectric film. The output 
from the strain gauges is obtained by connecting electrical wires to the top and bottom 
of the conductive material. This output must be fed through a suitable charge amplifier 
(Smith, 1995) 
These piezoelectric strain gauges can only be used to measure dynamic strain because 
they rely on the generation of a charge resulting from a mechanical strain between 0.1 to 
0.01 microstrain. The lower limit is governed by the noise interference from the system, 
while the upper limit is governed by the strength of the glue holding the film to the 
strike bar and the strength of the film itself. 
2.4 Current rock breaking methods 
2.4.1 Background on current secondary breaking methods 
Most hard rock mining techniques require the virgin rock to be broken enough for 
loaders to pick up the material and transport it to the primary crushers. This initial rock 
breaking is done using large quantities of explosives. Despite advances in firing 
techniques, not all virgin rock is broken to an optimum size for transporting so 
secondary rock breaking techniques are required.  
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Large rocks can also occur because of poor firing practices; poor drilling accuracy; 
and/or poor ground conditions. These rocks need to be further broken down in order to 
be tipped down the ore-passes or at least broken down to a suitable size for crusher and 
ROM hopper intakes. The ore-passes and ROM hoppers, located at the top of the 
crusher, are sized to ensure large rocks cannot be tipped down them causing blockages. 
Some exceptionally large rocks must be broken down in draw-points. If rocks are small 
enough to be lifted by the loaders, but too large to be tipped into the ore-passes, they are 
manoeuvred into bomb bays where all services (eg: air, water and ventilation) are 
removed so firing can take place without damaging mine infrastructure.  
A “moil” is also used for conventional secondary breaking. This moil is a cutting tool 
and is prone to excessive wear during the cutting process. This reduces the amount of 
material that can be removed and thus reduces the speed of the mining process.  
Most common traditional secondary breaking methods are: 
• Explosives 
• Mechanical impact rock breakers 
Disadvantages of using explosives for secondary breaking: 
• Large amounts of dust and toxic gasses are generated from the catastrophic 
reaction caused by explosives. The dust and gasses are hazardous to humans so 
the area must be secured and evacuated before firing. 
• Explosives cause damage to mine infrastructure and can cause injury or death to 
the personal in the near vicinity. Because of this, firing is generally carried out at 
the end of the shift when personal and gear is removed from the area. This causes 
delays in production especially if bomb bays are full.  
• Explosives are expensive and large amounts are sometime needed. 
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• Explosives waste energy especially when rocks are not drilled and explosives are 
just plastered onto the side of a rock. Large amounts are needed because most of 
the energy is lost to the surrounding air. 
Disadvantages of using mechanical impact rock breakers: 
• Excessive wear of moil causes delays in rock cutting time and overall mining 
production. 
• They experience additional wear and tear from cyclic impacting. 
• Mechanical rock breakers are slow to tram causing time delays. 
• They are large so access to all mine areas is limited. 
• They create some dust problems although not as much as explosives.  
2.5 Using High Pressure Water Pulse for secondary 
breaking: 
Hydraulic mining techniques are being investigated as a means of increasing mining 
rates. These techniques can deliver longer equipment life therefore reducing the down 
time required for component replacement as well as lowing costs by decreasing 
maintenance times. The technology using a pulsed liquid jet has been available for a 
long time but is not used on a broad scale within the rock breaking industry. If existing 
problems with pressure losses and creating an effective energy source to produce the 
pulse are overcome, there are some advantages in using this technology. 
Advantages of using HPWP for secondary breaking: 
HPWP is attractive for secondary breaking because it: 
• Reduced wear of components 
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• Reduced cost of operation because of increased production rates and reduced 
maintenance downtime.  
• Reduces dust 
• Water is readily available within mining operations 
• It can be used at any time during the shift 
2.5.1 Existing problems associated with High Pressure 
Water Pulse 
Using water jets to penetrate and fracture rock is very complicated and is poorly 
understood. The propagation of cracks and subsequent failure of a rock by mechanical 
impacting is complicated because there are several processes the rock is subject to, and 
any one or combination of them can cause the rock to fail. This failure is dependent on 
the properties of the rock. The rock can fail due to dynamic stress waves, static pressure 
loading, and erosion. In an article written in 1973, Froman & Secor found that in the 
absence of dynamic effects and erosion, rock permeability plays a large role in the 
process of rock fracture. The fluid must enter the rock pores where it can be pressurised 
thus causing the failure. This produces a net tensile stress and according to Griffith 
failure theory, fracture occurs when these stresses reach a certain critical level. They 
also found that of 2 rocks with similar strengths, the one with the lower permeability 
was the more difficult to break. 
Further studies by Karanan and Misra in 1998 suggest that the permeability of softer 
rocks plays a large part in its fracture ability, while having little effect on more densely 
packed rock. Impact loads from liquid pulses have a better effect on breaking or eroding 
these harder rocks. 
While there is a lot of literature on the impact high speed liquid pulses have on rock, 
there is very little literature on the properties of these pulses and the energy loss 
between the initial pressure and the pressure delivered to the target material. It can be 
seen from previous studies that there is a significant difference in breaking techniques 
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needed for different types of rock. The stress waves and static pressure required for 
crack prorogation vary greatly making the understanding of pulse behaviour critical. 
Liquid has a good ability to produce enough stress at close distances to the nozzle, but 
system losses are a problem as the distance between the material to be broken and the 
nozzle increases.  
2.6 USQ Gas Gun 
2.6.1 The Gas Gun 
The USQ Gas Gun was used to deliver a piston of certain mass using compressed air, 
into the column of water to propagate a HPWP. The gas gun consists of: 
• The original part that contains the piston driving pressure chamber, and the 3 m 
barrel that delivers the piston to the water column. 
• The modified PDS that is bolted onto the bottom of the barrel. 
• The brass tube used for data acquisition that gathers the data from the pulse 
delivered to the top of the brass tube.  
Figure 2.1 shows a schematic illustration of the existing section of the USQ Gas Gun 
that will not be altered. It shows the piston driving air pressure chamber at the top of the 
barrel that is charged with compressed air. A fast acting valve releases this pressure 
driving the piston down the barrel to the water column. The barrel has 4 optical sensors 
inserted at 300 mm intervals to detect the passing piston so velocity and acceleration 
can be calculated.  
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Figure 2.1 A schematic illustration of the USQ Gas Gun
(Buttsworth 2006) 
The modified section will be bolted to the bottom of the barrel as shown in figure 2.
The data acquisition brass tube is also shown in figure 2.
the PDS where the HPWP 
piezoelectric strain gauges attached to the brass tube.
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Figure 2.2 The USQ Gas Gun with PDS attached 
2.6.2 Existing data  
Previous experiments using the USQ Gas Gun are described in the report titled ‘Vertical 
Gas Gun Facility at USQ’ by Dr David Buttsworth. This report describes the operation 
and outcomes of the USQ Gas Gun when firing a piston of masses up to 0.166 kg with a 
driving pressure of up to 4.1MPa into a contained column of water. The pressure pulse 
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within the contained column of water was analysed to determine the maximum pressure 
and the pressure decay over time.  
A lumped mass model of the piston was used to simulate the rate of pressure decay by 
using the exponential decay equation: 
 
exp w ww w o
P
c Ap c v
m
ρρ  −=  
 
                                                  
As shown in figure 2.3 below, this equation accurately predicts the pressure decay in the 
water reservoir. This pressure decay will be used to illustrate the pulse profile within the 
water pressure reservoir. It was hoped to use the same M109B11 pressure transducer for 
this project, but after initial testing the pressure transducer was found to be faulty. 
Therefore the magnitude of the pressure pulse will be calculated using the acceleration 
found from the optical sensors in the barrel and the mass of the piston, while the 
pressure pulse decay can be modelled using the exponential decay equation above. 
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Figure 2.3 The pressure transducer output showing the pressure decay over time in a column of 
water with a piston mass of 0.0548 kg and a velocity of 124 m/s
Figure 2.3 is an illustration from the report titled ‘Vertical Gas Gun Facility at USQ’ 
and is used in this instance to demonstrate the analytical solution and its approximation 
to the decay of the actual pressure pulse recorded during experiments carried out 
previously 
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3 Design of Pulse Delivery System 
3.1 Introduction 
The PDS consists of 5 separate parts that are bolted together using four 16 mm grade 12 
bolts. These separate parts are: 
• Adaptor  
• Top plate 
• Air relief spacer 
• High pressure water chamber 
• Nozzle plate 
The two main design criteria of the PDS were: 
• To withstand internal pressures of 1 GPa. 
• To be relatively easy to dismantle so the gas gun can be reloaded quickly allowing 
more shots to be fired in the required timeframe.  
The software design package Pro-Eng was used to visually create the initial design of 
the PDS. Calculations analysing pressures expected in the water pressure chamber 
determined the size and type of material used to construct it. The water pressure 
chamber was then modified to the final design. Pro-eng was used because of its capacity 
to regenerate the model without having to redraw components when modifications were 
necessary. A 3D model of the PDS is illustrated in figure 3.1. 
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Figure 3.1 The Pulsed Delivery System modelled in Pro-Eng 
3.2 Input parameters 
To achieve the required pressure of 1 GPa, a 100g piston must travel at a certain 
velocity so the deceleration of the piston as it strikes the water will create a pressure 
pulse in the water of 1GPa.  
3.2.1 Piston velocity: 
Basic assumptions: 
• Temperature is 25ºC 
• Atmospheric pressure is 101kPa. 
The velocity of the piston required to generate 1 GPa of pressure in the water reservoir 
can be calculated using the following equation: 
  
resP c Uρ= ⋅ ⋅  
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Where:  
( )
( )
( )
9
3
(Water pressure chamber pressure) is 1 10
Density of water  is 997.1
Acoustic speed of water  is 1497 sec
The velocity of the piston  is 
resP Pa
kg m
c m
U x
ρ
×
 
Therefore the piston velocity needed is: 
91 10
997.1 1497
669 sec
resPU
c
m
ρ
=
⋅
×
=
×
=
 
In the case of a perfect shock reflection off the end wall of the water pressure chamber, 
hence the nozzle plate, the pressure within the chamber could double because the initial 
pulse would not have time to decay off before the second reflected pulse was formed. 
Therefore if the velocity was halved the pressure in the chamber should still reach 
1GPa. This being the case, the piston velocity would need to be approximately 335 
m/sec. 
3.2.2 Piston driving pressure: 
For a required piston velocity of 335 m/sec, an initial air reservoir pressure is needed to 
drive the piston.  
The mass of the pistons used in the experiments vary however for the purpose of 
calculating the piston driving pressure it was assumed the piston mass is 100 grams. 
Figure 3.2 illustrates the aluminium piston used in these experiments. 
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Figure 3.2 The aluminium piston 
Basic assumptions: 
• No friction between the Gas Gun barrel and the piston. 
• Static Coefficient of friction will be negated. 
• Barrel length is 3 meters. 
• Constant piston acceleration. 
• Piston mass is 100 grams. 
• Gas Gun barrel is 25.5 mm in diameter 
• Final piston velocity is 335 m/sec. 
Using the equation for pressure, we can determine the driving pressure needed to 
generate the pressure required in the water reservoir. 
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( )
2
23
4 2
ForcePressure  
Area
DiameterArea
4
25.5 10
4
5.1 10 m
pi
pi
−
−
=
=
×
= ×
= ×
 
Force  mass  acceleration
mass 0.1kg
= ×
=
 
Using Newton’s second equation to find acceleration: 
2 2 2V U a s= + × ×  
Where: 
( )
( )
( )
 final velocity 335 m/sec
 initial velocity 0 m/sec
 acceleration
 distance 3 m
V
U
a
s
=
=
=
=
 
Acceleration is: 
2 2
2
335 0 2 3
18704.2 m/sec
a
a
= + × ×
=
 
Therefore force is: 
0.1 18704.2
1870.4 
F
N
= ×
=
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The maximum piston driving pressure will be: 
4
1870.4
5.1 10
3667451 Pa
−
=
×
=
 
Therefore ignoring friction between the piston and barrel, and assuming the shock wave 
could be doubled because of reflection off the nozzle plate, a maximum piston driving 
pressure of 3.67 MPa is needed to generate a water reservoir pressure of 1 GPa.  
3.3 Pulse Delivery System design parameters 
3.3.1 The Adaptor and Top plate: 
 
Figure 3.3 The adaptor between the gas gun barrel and the PDS 
The adaptor shown in figure 3.3 simply joins the PDS to the existing gas gun barrel. 
The neck of the adaptor is thinner than the high pressure water chamber to allow room 
for the nuts off the bolts holding the nozzle plate; the high pressure chamber; and the air 
relief spacer to the top plate together. The neck of the adaptor failed initially due to 
bending because not enough care was taken in tightening the 18 mm bolts holding the 
top plate and the adaptor to the gas gun.  
The Top plate shown in figure 3.4 holds the adaptor to the gas gun using 18 mm 8.8 
grade bolts.  
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Figure 3.4 The Top plate 
It is undesirable that any yielding occurs above the top plate. This region of the test 
apparatus must be strong enough to withstand any stress induced by the piston striking 
the water. If damage or yielding occurs it must be in the 16 mm holding bolts that join 
the nozzle plate to the high pressure water chamber. This will allow pressure relief 
when joining faces part. If the apparatus fails it is desirable that the failure occurs in the 
16 mm bolts because they can be easily replaced. 
Basic assumptions: 
• The steel used in the machined components have yield strength of 250MPa. 
• The bolts are 18 mm 8.8 grade and have a yield strength of 660MPa 
The force exerted on the adaptor bolts by the piston striking the water is: 
( )23 925 10 1 10
4
490873
pistonF
N
pi
− ×
 = × × ×
 
 
=
 
The pressure on the adaptor bolts from the piston striking the water is calculated by first 
finding the cross sectional area attaching the existing gas gun housing to the adaptor and 
main plate using 4 × 18 mm 8.8 grade bolts. The cross-sectional area is: 
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2
2
184
4
1018
boltA
mm
pi ×
= × 
 
=
 
The yield strength of the bolts is 660MPa therefore the force exerted on the housing is: 
490873Stress on the bolt
1018
482.2MPa
=
=
 
The stress on the bolts is 482.2 MPa which is less than the yield strength of the bolts. 
This equates to a stress difference of 177.8 MPa between the exerted pressure and the 
yield of the top bolts. 
3.3.2 Air relief spacer: 
 
Figure 3.5 The Air relief spacer 
The air relief spacer shown in figure 3.5 has 4 ports that relieve the air build-up in front 
of the piston when it is travelling down the barrel. The cross-sectional area of these 
ports was designed to be larger than the cross-sectional area of the barrel so air could be 
dumped quickly and an initial pressure acting on the water in the high pressure chamber 
would be reduced as much as possible. 
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3.3.3 High pressure water reservoir: 
 
Figure 3.6 The high pressure water reservoir 
The high pressure water reservoir shown in figure 3.6 holds the column of water that the 
piston strikes thus causing the HPWP. If the high pressure water chamber is only short, 
in theory the reflected pressure pulse off the nozzle plate could double the pressure 
within the chamber.  
The acoustic speed of water is 1497 m/s and the time taken for the pressure pulse to 
decay to zero is 0.4 ms as shown by the analytical solution in figure 2.3. The time taken 
for the pressure pulse to reach the end of the high pressure water chamber is: 
5
0.1
1497 /
6.68 10
mTime
m s
−
=
= ×
 
Therefore the time it takes for the pressure pulse to reach the nozzle plate is 0.067 ms.  
This allows time for the pressure pulse to reflect back to the top of the water reservoir 
before the initial pressure pulse has decayed off in theory effectively doubling the 
pressure within the chamber.  
The OD of the water reservoir is 150mm while the ID is 25mm. There will be 2 water 
reservoirs manufactured: 
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• The first will be used for initial testing at low pressures where an orifice is 
inserted into the housing to allow access for a PCB pressure transducer. This 
chamber will be used for low pressure testing where correlation between the data 
from the pressure transducer and data from the strain gauges on the strike plate 
will be done for analysing high pressure results.  
• For final high pressure testing a water reservoir without the pressure transducer 
orifice will be used. The high pressures expected in the water reservoir may cause 
failure of the pressure transponder and/or thread failure resulting in a sensor 
missile. 
The overall dimension of the water reservoir diameter is 150 mm to allow room for the 
retaining nuts on the top of the water reservoir. The initial diameter was 100 mm but 
after modelling using Pro-Eng, it was determined that the 16 mm socket head cap bolts 
that were to be used needed more room for the nuts to be done up at the top.   
Basic assumptions: 
• The steel used is mild steel with yield strength of 250MPa. 
• Insufficient cyclic loading to warrant fatigue loading. 
The cross-sectional area of the water reservoir material is: 
( ) ( )2 23 3
2 2
150 10 25.5 10
4 4
1.72 10
chamberA
m
pi pi
− −
−
   × ×
   
= × − ×
   
   
= ×
 
The pressure from the piston striking the water is 1GPa so the pressure on the water 
reservoir is: 
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Force from piston striking water
Cross-sectional area of pressure chamber
490873
1.72
285391
chamberP
Pa
=
=
=
 
This is well below the yield of the pressure chamber therefore it will not fail. 
3.3.4 16 mm Holding bolts: 
The 16 mm holding bolts must be the first part of the apparatus to yield. Ideally all other 
parts of the apparatus must be as rigid as possible to gain accurate information from the 
strain gauges attached to these bolts. 
Basic assumptions: 
• The bolts are grade 8.8 so have a yield strength of 660MPa 
The total cross-sectional area of the bolts is: 
( )23
4 2
16 10
4
4
8.04 10
boltsA
m
pi
−
−
×
= × ×
= ×
 
The pressure from the piston striking the water is 1GPa so the pressure on the bolts will 
be: 
4
Force from piston striking water
Cross-sectional area of bolts
490873
8.04 10
610.5
boltsP
MPa
−
=
=
×
=
 
The stress difference between the yield of the bolts and exerted pressure is: 
660MPa – 610.5MPa = 49.5MPa 
ENG4111 / 4112 Research Project 
 
28 
3.3.5 Nozzle plate: 
 
Figure 3.7 The nozzle plate 
The diameter of the nozzle hole shown in figure 3.7 is 1mm therefore the thickness of 
the nozzle plate was restricted to 20 mm because the distance a 1mm hole can be drilled 
is restricted. In this case the 1 mm nozzle hole was only drilled 10 mm while the other 
10 mm was drilled with a larger bore hole.  
Basic assumptions: 
• For machineability purposes, mild steel will be used so the plate shear strength 
will be assumed to be 250 MPa. 
• A vertical cross-sectional area will be used as the shear area instead of 45º. This 
can be considered as a further factor of safety. 
Shear forceShear stress
Shear area
=  
The shear area: 
( )
3 2
Perimeter of Shear area  vertical depth
0.025 0.02
1.57 10
shearA
m
pi
−
= ×
= × ×
= ×
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Therefore the shear stress is: 
3
490873
1.57 10
312.7MPa
τ
−
=
×
=
 
This is the shear stress exerted on the end plate by the high pressure water pulse at 1 
GPa. It does exceed the shear stress of the plate but because the loading will in fact not 
be impact loading, the plate should yield instead of critical shear. This highlights the 
fact that the risk assessment should include a remote firing device so all personal will be 
removed from the proximity of the PDS when high pressure firing is in progress. 
3.3.6 Conclusion: 
For the PDS to analyse a high pressure water pulse accurately, all parts must be as rigid 
as possible. Table 3.1 below shows the stress difference between the various 
components and the exerted pressure.  
Component 
Yield Stress 
(MPa) 
Exerted Stress 
(MPa) 
Difference 
(MPa) 
Top bolts 660 368.5 291.5 
Holding bolts 660 610.5 49.5 
Nozzle plate 250* 312.7 -62.7 
Table 3.1: The stress difference between various components 
* This component needs to be heat treated to at least 400MPa to create a higher stress 
difference than the holding bolts. 
ENG4111 / 4112 Research Project 
 
30 
4 Design of data acquisition arrangement 
4.1 Introduction 
Initially a steel plate was going to be used as the strike plate for the HPWP to impact on. 
Semiconductor strain gauges were to be fitted to the steel strike plate so the strain could 
be correlated to the pressure in the water reservoir. However stress waves in materials 
induced by strain can be very complicated to analyse. For the purpose of this project it 
was decided that a simple way to analyse stress waves was to use a long tube or bar. If 
the HPWP impacts evenly on the top of the tube or bar, a one dimensional longitudinal 
stress wave results (Kolsky 1963). 2 dimensional torsional waves can be analysed as 
well, but this is outside the scope of this project which will only consider longitudinal 
stress waves.  
4.2 The tube 
A tube was used because if a pressure was applied evenly over the end, the stress wave 
would be more generic or even in the outer wall of a tube than a solid rod or bar. This 
would allow for slight error in lining the water pulse delivered by the nozzle to the exact 
centre of the top of the brass tube.  
4.2.1  Material selection 
The acoustic speed of sound in the tube has to be slow enough to allow the stress wave 
to pass the strain gauges before the reflected wave from the bottom of the tube comes 
back over the target area. Table 4.1 illustrates the acoustic sound of speed in metals: 
Material Acoustic speed of sound 
Steel 6100 
Aluminium 4877 
Brass 3475 
Lead 1158 
Table 4.1: The acoustic speed of sound in metals 
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Lead has a slower acoustic speed of sound than brass; however brass was selected 
because it should still be slow enough to show the stress pulse while being a slightly 
harder material therefore less prone to plastic deformation than lead.  
4.2.2 The length of the stress pulse in the brass tube 
By analysing the pressure pulse decay (from previous experiments shown in figure 2.3) 
in the high pressure water reservoir, it can be seen that the time for the pulse to pass is 
0.4 ms. The velocity of the piston for this analysis was 124 m/s (from previous 
experiments) so the length of the pulse should be: 
Time taken for pulse to pass acoustic sound of speed in brass
0.0004 1497
0.6
d = ×
= ×
=
 
Therefore the length of the pulse is 0.6 m. The distance between the bottom of the 
nozzle plate and the floor of the lab is 785 mm or 0.785 m so the length of the tube 
should be long enough to allow the stress wave to pass before the reflected wave 
contaminates the target area.  
4.2.3 Expected strain in the brass tube 
The diameter of the brass tube had to be large enough to accommodate the width of the 
HPWP but small enough to allow the OD area minus the ID area, which is the total area 
of the brass, to be small enough to generate enough strain to measure with strain gauges. 
A thin walled 25 mm brass tube was selected and the strain was calculated to determine 
the effectiveness of this tube to capture the stress. The force exerted by the water on the 
strike plate for brass pipe OD 25.4 mm, wall thickness 0.91 mm is: 
• The assumed initial force from the water pulse: 500MPa 
• The diameter of the impact by the pulse on the brass strike plate is 1 mm (in 
reality this will not happen because the pulse will spread but for initial 
calculations it is assumed to be 1 mm). 
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• Area of impact by the pulse on the brass strike plate is: 
 
2
2
2
4
1
4
0.785
D
area
mm
pi
pi
×
=
×
=
=
 
The force exerted on the top of the brass tube is: 
21500
4
392.7
Force pressure area
N
pi
= ×
×
= ×
=
 
Stress on brass pipe: 
• Pipe OD: 25.4 mm 
• Pipe ID: 24.49 mm 
2 2
392.7
25.4 24.49
4 4
11.01
ForceStress
Area
MPa
pi pi
=
=
   × ×
−   
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=
 
Strain on brass pipe: 
• Young’s modulus for brass: 110 000MPa 
 
4
11.013
110000
1 10
StressStrain
E
−
=
=
= ×
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This strain of 100 µε  is within the measurable range for piezoelectric film strain gauges 
(Smith 1995). 
4.3 The brass end plugs 
4.3.1 The top brass plug 
Initially a 6 mm flat brass plate was going to be fixed to the top of the brass tube for the 
HPWP to strike. A semi-conductor strain gauge was to be fixed to this brass plate to 
analyse the stress wave delivered by the HPWP. If a flat plate was used two things 
could happen that were undesirable: 
• The plate could flex slightly with the impact from the HPWP and this slight flex 
would be a loss from the system that was hard to analyse. One of the aims of this 
project was to compare the pressure in the high pressure water chamber and the 
pressure delivered to the strain gauges via the HPWP, so any losses due to flexing 
of the top plate on the brass tube would have a negative impact on the accuracy of 
the results. 
• The profile of the stress wave could change as it travelled along the flat brass 
strike plate, and then transferred 90 degrees to travel down the length of the brass 
tube side walls. This change in profile could also have a negative impact on the 
accuracy of the results.  
To overcome these problems, an end plug with an inverted cone machined out of the 
bottom, was brazed into the top of the brass tube. This allowed the stress waves to pass 
from the top of the plug into the side walls of the tube with little profile change. The 
plan of the top plug is shown in figure 4.1. 
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Figure 4.1Drawing of the top plug 
Figure 4.2 shows a Pro-eng model of the tube end; the brass top plug; and a heat treated 
steel biscuit used to protect the end of the plug from high pressure impacting.  
 
Figure 4.2 The brass plug and sacrificial heat treated steel biscuit for the HPWP to strike 
The 4140 steel biscuit was heat treated to a hardness of 46 HRC. 
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After consultation between David Buttsworth and his colleagues at The University of 
Queensland, an angle of 20 degrees between the side wall of the plug and the cone was 
used. This angle would allow the stress wave to travel from the top of the plug to the 
tube side walls with minimal pulse profile change.  
4140 steel was cut into 3 mm biscuits and stuck onto the end of the brass plug to act as a 
sacrificial strike plate for the HPWP to strike. This steel biscuit can be seen in figure 
3.2. The steel was heat treated so pulses of very high pressures would not damage the 
end of the brass plug. Any plastic deformation of the plug would result in system losses 
that are hard to measure. 
4.3.2 The bottom brass plug 
The bottom brass plug was manufactured so 50 mm could be brazed into the brass tube. 
A 16 mm threaded hole was machined through it to allow a threaded bolt fixed to the 
base plate to be inserted. This allowed the brass tube to be positioned at varying 
distances from the nozzle simply by rotating it up and down the thread. A lock nut was 
used to firmly fix the brass tube to the Holding bolt at the required distance from the 
nozzle. A drawing of the bottom brass plug is shown in figure 4.3 below. 
 
Figure 4.3: The bottom brass plug 
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4.4 The base 
The base consisted of 2 parts fixed together. These were: 
• The base plate 
• A 16 mm fixing bolt with a lock nut 
The base plate was designed to be triangular in shape with 12 mm holes in the corners. 
12 mm bolts were resin set into the floor of the laboratory directly under the nozzle of 
the PDS. These bolts were used to level the plate and hold it in place. 
The 16 mm fixing bolt was welded through the middle of this plate. Its end protruded 
through the bottom of the plate 10 mm so it would contact the floor. This was to allow 
the stress wave from the tube to travel through the bolt and reflect off the floor to give 
the experiments some repeatability. If the end conditions of the tube, hence the bolt 
were the same, then it is hoped the reflected stress waves should also be similar. Figure 
4.4 shows the profile of the base plate and how the fixing bolt protrudes through the 
bottom of the plate. 
 
Figure 4.4: The profile of the base plate 
Figure 4.5 shows the plan view of the base plate and the location of the corner holes. 
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Figure 4.5: Plan view of the base plate 
The 6 mm plate does not take any of the loading from the pulse hitting the brass tube. 
Its primary purpose is to hold the brass tube in place and to act as a levelling device for 
the brass tube to ensure it is vertical.  
4.5 Fixing the piezoelectric strain gauges to the 
brass tube 
The brass tube was taken to The University of Queensland in Brisbane to have the 
piezoelectric film strain gauges attached. The steps to install the strain gauges are 
outlined in “The Application and Performance of Piezoelectric Film as a Dynamic 
Strain Sensor” written by Adrian L Smith in 1995. A brief description of the process 
used is as follows: 
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• Initially the surface of the brass tube where the gauges were to be attached was 
cleaned with a solvent degreaser to remove any grease film on the surface of the 
tube.  
 
Figure 4.6: Prepping the brass tube before the piezoelectric film strain gauges are attached 
• The surface was then sanded with a fine 220 – 320 grit sand paper. This was to 
remove any surface scale or oxide. After the sanding the surface was dried using 
solvent and a gauze sponge.  
• The piezoelectric film was cut using a sharp scalpel. Care must be taken when 
cutting the film because the 2 conductive surfaces can short if damage is done 
using an inferior cutting tool. The film is also more sensitive one way than the 
other so it must be orientated to ensure the stress wave crosses the most sensitive 
direction of the film. After the film is cut, a multimeter was used to test the 
integrity of the circuit by placing one terminal on the top of the film and one on 
the bottom of the film. This was to ensure there was no short circuit between the 2 
conductive surfaces.  
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The circumference of the brass tube was measured by cutting a paper blank the 
same shape as the intended strain gauge. This blank was then used to measure the 
correct shape of the piezoelectric film strain gauge. The film must be cut so the 2 
ends don’t quite meet when circling the tube to eliminate short circuiting.  
• The surface of the tube was wiped with a catalyst to aid the strain gauge bonding 
agent adhesiveness. An outline of the gauges was drawn on the brass tube to 
enhance the accuracy of gauge placement. The end of the pre-cut piezoelectric 
film was then glued to the brass tube. Figure 4.7 shows the ends of the 
piezoelectric film glued to the brass tube. 
 
Figure 4.7: The end of the piezoelectric film glued to the brass tube 
• Conductive epoxy was then applied at intervals around the tube circumference. 
This was to allow the electric connection between the brass tube and the gauges. 
The epoxy was placed in dots no greater than 2 mm across and 0.5 mm in height. 
The application of this epoxy is shown in figure 4.8. 
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Figure 4.8: Applying the conductive epoxy to the tube 
• The bonding agent was then applied to the tube surface carefully so the 
conductive epoxy was not removed. The film was then wrapped around the tube 
carefully and tightly until there is a 1 mm gap between the ends. The attached 
gauges are shown in figure 4.9 before the gauge wiring has taken place. 
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Figure 4.9: The attached gauges before wiring has taken place 
• The leads were then soldered to the strain gauges and checked using a multimeter 
as shown in figure 4.10 below. They were then fixed into place using insulating 
tape and Zippy ties and connected to a charge amplifier and oscilloscope to make 
sure they were functioning properly. The end of the brass tube was struck with a 
calibrating hammer to give an input function to the oscilloscope, while the strain 
gauges sent an output function to the oscilloscope. The completed strain gauges 
are shown in figure 4.11. Both gauges worked well. The time taken for the stress 
wave to reach each strain gauge could be seen on the oscilloscope as a delay 
between the start of each pulse.  
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Figure 4.10: Checking the strain gauges with a multimeter 
 
Figure 4.11: The piezoelectric strain gauges wired up to receive data 
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4.6 Conclusion 
The design criteria of the data acquisition brass tube were: 
• To accurately capture the stress wave delivered by the HPWP as a longitudinal 
stress wave. 
• To be adjustable in height to gather data at various distances between the nozzle 
and the top plug on the brass tube. 
• To be able to withstand high pressure pulses without damage being done to the 
top of the brass plug, hence the addition of the heat treated steel biscuits. 
• The base plate needed to be adjustable so the brass tube could be secured 
vertically under the nozzle. 
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5 Calibrating the brass tube 
5.1 Introduction 
An impulse force hammer; model number 086C02, was used to calibrate the brass tube 
used for data acquisition. The data from the hammer is included in Appendix G. 
The impulse hammer supplied a known input pulse to the top of the brass tube. This 
input pulse was captured on the oscilloscope along with the output pulses from the 2 
strain gauges on the brass tube. Figure 5.1 shows the top of the brass tube being struck 
with the impulse hammer. 
 
Figure 5.1: The impulse hammer being used to calibrate the brass tube 
A Matlab script was used to obtain an impulse response filter to convert the signal from 
the impulse hammer and strain gauges from a voltage signal into a force signal and 
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smooth the noise interference. The time delay between the impulse hammer; strain 
gauge 1 and strain gauge 2 voltage signals were then manually removed ensuring the 
first point of the voltage signal is non – zero. The implementation of this function 
follows the approach used by Oilfield, M. L. G, 2008, however for this project; both 
output functions from the strain gauges are obtained through experiment. 
The filtered impulse response from the strain gauges was de-convolved to obtain the 
expected input signal from the impulse hammer. Once the brass tube had been 
calibrated to de-convolve the known response received from the strain gauges to match 
the known response from the impulse hammer, the calibration can be used to determine 
the unknown input response from the HPWP by de-convolving the known data from the 
strain gauges. 
5.2 Impulse response from calibration hammer and 
strain gauges 
Figure 5.2 shows the impulse data from a medium weighted tap from the calibration 
hammer to the top of the brass tube. The blue line is the impulse voltage signal from the 
calibration hammer, while the green line is from the top strain gauge and the red line is 
from the bottom strain gauge. By inspecting where the signals kick off, the time lag 
between each signal can be seen.  
The strain gauges were connected in reverse so the signals are mirror image to each 
other. It can be seen from the graph that the impulse from the hammer was higher than 
the response from the strain gauges and there are no reflected waves from the impulse 
hammer so the signal returns to zero. The response from the strain gauges shows the 
initial pulse and the reflected waves. The end condition for the brass tube is fixed 
because it is connected firmly to the floor. This affects the way in which the wave is 
reflected. 
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Figure 5.2: Impulse voltage signals from the impulse hammer and the strain gauges 
5.3 The de-convolved data from the brass tube 
Figure 5.3 shows the de-convoluted force response from the strain gauges (green 
circles) matched up with the filtered force response from the calibration hammer. Three 
different sets of data from the calibration hammer were used; a hard strike (cal1.txt), 
medium strength strike (cal2.txt); and a light strength strike (cal3.txt). These were 
calibrated against 3 sets of data from the strain gauges from run 14, run 15 and run 16. 
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Figure 5.3: The de-convolved data from hammer calibration 1, 2 and 3; and Shot 14, 15 and 16 
 Figure 5.4 shows the impulse response of the impulse filter. 
 
Figure 5.4: The impulse response of the impulse filter 
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5.4 Conclusion 
The Matlab file Cal_process.m was used to open the various data files from the 
calibration hammer and the strain gauges. This data was run through the Matlab file 
V2F_IRF.m which was used to filter the voltage signal from the calibration hammer and 
the strain gauges; convert this signal into a force impulse response; then de-convolve 
the data from the strain gauges to match the known input impulse response from the 
calibration hammer. Figure 5.3 shows the result of this calibration and these results 
were better than expected so there is high expectation that the input pulse from the 
HPWP can be accurately deciphered. 
This calibration will be used to determine the input impulse response from the HPWP 
from the output impulse response from the strain gauges on the brass tube. 
The Matlab files mentioned above are listed in Appendix E. 
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6 Results  
6.1 Commissioning and safety considerations 
Prior to commissioning the PDS on the 20th July 2008, a risk assessment was 
preformed. The risk assessment highlighted the dangers of being in close proximity to 
the gas gun when firing using high piston driving pressures. The manifold to charge the 
air reservoir on top of the gas gun is within 2 meters of the PDS. This arrangement has 
been used before during low pressure testing, however for the purpose of this project 
where high pressure testing was possible, a solenoid operated by a remote switch 
located outside the laboratory was placed in the air line to the fast acting valve that 
releases the air to drive the piston.  
All existing flexible air hoses and fittings were dismantled and checked at Pirtek PTY 
LTD where the delivery air hose from the shop air manifold was replaced. A Perspex 
safety barrier was erected between the PDS and equipment in close proximity. 
All operators of the gas gun had to be inducted by David Buttsworth before using it. As 
an added precaution, 2 inducted persons had to be present whenever the gas gun was in 
use. The completed risk assessment is in Appendix D. 
6.2 Expected outcomes 
Atmospheric pressure and room temperature were assumed in all calculations because 
the expected outcomes are a rough estimate only to try and speculate if the experimental 
results seem feasible. The density of water and brass was assumed to be 31000 kg/m  and 
8400 respectively.  
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6.2.1 Expected water reservoir pressure 
6.2.1.1 The piston velocity: 
The optical data acquisition from this project did not yield enough meaningful 
information to determine the piston velocity from the different driving pressures used. 
Data from previous experiments carried out using the gas gun were used to find the 
piston velocity. Figure 6.1 shows this velocity data where a simple poly line fit was 
used in the Matlab code to approximate the relationship between the piston driving 
pressure and the piston velocity. 
 
Figure 6.1: Comparison for piston speeds at impact with constant acceleration for a range of piston 
driving pressures from experimental results tabulated in Appendix C. (Buttsworth, 2006)  
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Table 6.1 uses the data from the previous experiment illustrated in figure 6.1 to show 
the estimated piston velocity on impact with the water in the reservoir for the various 
piston driving pressures used in this project.  
Piston driving pressure (kPa) Piston velocity on impact (m/s) 
276 53 
346 64 
414 76 
607 112 
Table 6.1: Piston velocity on impact 
6.2.1.2 The water reservoir pressure 
Vijay, 1993 and Lei et al, 2004 speculated that when a high speed pulse impinges on the 
surface of water, a highly localised pressure occurs at the point of impact. It is assumed 
in this project that the pressure in the water could double because the length of the 
reservoir is short enough to allow the reflected pressure pulse to travel back before the 
initial pulse has decayed off. In this case, the impact pressure can be characterised by 
the equation shown below: 
( )2water water piston waterP V Cρ= ×
 Where: 
3
 Pressure in the water reservoir
 Density of the water (1000 kg/m )
 Acoustic speed in water (1497 m/s)
water
water
water
P
C
ρ
=
=
=
 
There are other equations that could be used but the above equation is less complicated 
and the findings are similar to pressures calculated with the water hammer equation 
used in section 6.2.3.1.
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Table 6.2 shows the estimated pressure in the water reservoir for the piston driving 
pressures used in this project. 
Piston driving pressure (MPa) Pressure in water reservoir (MPa) 
0.276 158 
0.346 191.6 
0.414 227.6 
0.607 335.4 
Table 6.2: Pressure in the water reservoir 
Figure 6.2 shows this relationship where a basic line fit was used in the Matlab file to 
highlight the linearity. 
 
Figure 6.2: The relationship between the piston driving pressure and the water reservoir pressure 
in MPa 
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6.2.2 Expected high pressure water pulse velocity 
Bernoulli’s equation was used to estimate the expected HPWP velocity at the expected 
water reservoir pressures tabulated in table 6.2. The velocity of the water in the 
reservoir was zero so the equation simplified to: 
( )0 2x
x
x
P P
U
ρ
− ×
=
 
Where: 
3
0
 Velocity of the pulse
 Density of the water (1000 kg/m )
 Athmospheric pressure (101 kPa)
 Pressure in the water reservoir
x
x
x
U
P
P
ρ
=
=
=
=
 
Table 6.3 shows the expected velocity of the HPWP leading edge using Bernoulli’s 
equation.  
Expected reservoir pressure 
(MPa) 
HPWP velocity (m/s) 
158 562 
191.6 619 
227.6 675 
335.4 819 
Table 6.3: Expected velocity using Bernoulli’s equation for expected piston driving pressures 
6.2.3 Expected force on the brass tube strike plate 
The expected force on the brass tube was estimated assuming no system losses. 
Distance between the nozzle and the brass tube; the head loss through the nozzle; the 
change in pulse density; and the change in velocity of the pulse were negated in this 
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calculation. In effect the force was predicted at the opening of the nozzle orifice inside 
the water reservoir. 
6.2.3.1 The water hammer equation 
Lei et al (2004) proposed that the stagnation pressure from a high speed water slug at 
the point of impact on a strike plate is found by the equation: 
 
21
2s
P Vρ=
 
However the sudden impact from the water can introduce much higher pressures over 
very small time frames in the immediate location of the impact. This higher pressure is 
the hammer pressure and is formed from a substance impacting on another material 
where the density and the acoustic speed of the impacting substance is much less than 
the density and the acoustic speed in the material being struck. This equation is only 
relevant if the density and acoustic speed of the water divided by the density and 
acoustic speed of brass is much less than 1. 
1
1000 1497 0.0513 1
8400 3475
water water
brass brass
C
C
ρ
ρ
<<
×
= <<
×
 
Therefore the hammer pressure at the impacting point is: 
2
1
41
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Hammer
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brass brass
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Where: 
3
3
 density of water (1000 kg/m )
 Acoustic speed of water (1497 m/s)
 Density of brass (8400 kg/m )
 Acoustic speed of brass (3475 m/s)
 Velocity of water pulse (table 6.3)
 Diameter 
w
w
brass
brass
C
C
V
D
ρ
ρ
=
=
=
=
=
= of pulse (1 mm)
 
It was assumed that the density of the pulse core on impact with the brass tube strike 
plate was 1000 3kg/m . If the pulse core diameter spread, there would be a reduction in 
pulse velocity so for this estimated calculation of the force acting on the brass strike 
plate, the velocity was assumed to be constant. The expected force on the brass tube for 
all piston driving pressures used in this project are tabulated in table 6.4 below. 
Piston driving pressure (MPa) Expected force on brass tube (N) 
0.276 628.5 
0.346 692.3 
0.414 754.9 
0.607 916.0 
Table 6.4: Expected force on tube 
6.3 Data and analysis from gas gun shots 1 to 7  
6.3.1 Outcomes from the pressure transducer 
Initial testing commenced once the risk assessment was completed and the PDS 
commissioned. This involved installing an ICP High Frequency – High Pressure 
Transducer model M109B11 into the side of the low pressure water reservoir to record 
the pressure pulse as a voltage – with sensitivity of 0.01 mV / kPa – to an oscilloscope.  
ENG4111 / 4112 Research Project 
 
56 
This initial testing involved 7 shots from the gas gun, firing pistons of approximately 55 
g into the water reservoir within the PDS. No strike plate was used in these tests as the 
only information required was the pressure in the water reservoir at low piston driving 
pressures. This information was then to be used to correlate data collected with the 
pressure transducer at low water reservoir pressures; and high water reservoir pressures 
without the pressure transducer. 
During the initial test runs it was noticed there was a lot of noise interference on the 
oscilloscope readouts. This was probably due to mechanical vibrations. Figure 6.3 
below shows the data from shot 6 where there is a large negative spike immediately 
after the piston strikes the water. 
 
Figure 6.3: Pressure transducer output from run 6 
This large negative spike was concerning. The data immediately after it looked feasible 
and the rate of decay looks similar to the analytical solution shown in figure 2.3 
however there appeared to be no real repeatability from the data gathered from shots 1 
to 7.  
ENG4111 / 4112 Research Project 
 
57 
After shot 7, it was decided that the pressure transducer was not working properly and 
that the data from these runs was of no use. It was assumed that the PDS was also not 
working properly until the bore was re – honed. This was disappointing because there 
was now no accurate way to measure the pressure in the water reservoir.  
The pressure transducer was sent back to the manufacturer but it was not returned 
before the end of this project. The expected pressure calculated in section 6.2.1.2 was 
used instead of the actual pressure to compare results gathered in the experiments. 
6.3.2 Outcomes from the Pulse Delivery System 
During the first run, it was suspected that water may have leaked from the PDS prior to 
piston strike in 2 ways: 
• No tape was placed on top of the water reservoir so water erosion occurred from 
air build-up in front of fired piston.  
• Air build-up in front of the piston travelling down the barrel may have been 
pressurising the water column enough to cause the failure of the nozzle tape.  
To overcome these problems, the top of the water reservoir was taped using duct tape to 
stop water erosion, and a standard digital movie camera was used to visualise the duct 
tape sealing the nozzle to ensure the tape did not fail before the piston impacted on the 
water column. After viewing this film it appeared that the duct tape was in fact holding 
until the piston impacted the water column, however 2 layers of duct tape were used in 
subsequent shots to ensure compliance. 
It was noticed after run 7 that the piston did not slide into the air relief spacer as freely 
as the water reservoir. This may have caused mechanical vibrations and loss of energy 
in the system. The PDS was taken back to the workshop where all parts were re-honed 
to 25.4 mm.  
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6.4 Data and analysis from gas gun shots 8 to 16  
The piezoelectric strain gauges on the brass tube and the high speed camera were used 
to analyse the HPWP from shots 8 to 16. The calibrated brass tube was fixed to the base 
plate and lined up beneath the nozzle of the PDS using a piece of number 1 lead from a 
pacer pencil. One end of the lead was inserted into the 1 mm nozzle and the other end 
was placed exactly in the centre of the top brass plug. A spirit level was also used to 
ensure the brass tube was parallel to the pressure pulse propagating from the nozzle. 
Strain gauge 1 was connected to a TDS 210, 2 channel oscilloscope through charge 
amplifier #1; while strain gauge 2 was connected to this oscilloscope through charge 
amplifier #2.  
The 4 optical sensors from the gas gun barrel were connected to a 4 channel TDS 2014 
oscilloscope.  
The high speed camera was installed in front of the PDS behind the protective Perspex 
shield. A high intensity light source was placed in front of the Perspex shield and just to 
the right of the camera’s angle of attack. This light source was only turned on just prior 
to the shot being taken because the strain gauges are sensitive to heat. Figure 6.4 shows 
the layout of the apparatus. The data from the high speed camera was captured on a 
computer and recorded as an Avi, Tif and a Bmp file. 
Initially the brass tube was positioned at 18.5 mm from the nozzle, and for run 8 and 9 
similar piston driving pressures of 276 kPa were used to see if the experiment had 
repeatability. The distance between the nozzle and the brass tube was then increased to 
38.5 mm where the same piston driving pressure was used for runs 10, 11 and 12; 
however the distance was returned to 18.5 mm after shot 10. The piston driving pressure 
was increased for run 13 and 14 at a distance of 18.5 mm from the nozzle. For run 15 
the brass tube was positioned 0.3 mm from the nozzle using 276 kPa driving pressure to 
compare the pressure loss at the various distances. The same piston driving pressure 
was used for shot 16, the final run; however the distance was increased to 8.5 mm. the 
input parameters for these shots are tabulated in Appendix C. 
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Figure 6.4: The layout of the gear used for run 8 to run 16 
6.4.1 Optical data 
Optical data was only collected from shot 8, 9, 10, 12, 13, 14, and 15. Considerable 
trouble was experienced keeping the optical ports in the gas gun barrel free from water 
contamination. The bottom sensor lead was damaged prior to commissioning so after 
run 8 only 3 optical sensors were working at best. 
The velocity was calculated by looking at the data from the oscilloscope and 
determining where the amplitude suddenly changed indicating the passing of the piston. 
If 2 or more spikes occurred, the velocity can be calculated by knowing the distance the 
optical sensors are apart – in this case 300 mm – and the time at which the piston passed 
the particular sensors. The point in time was noted where the piston passed at least 2 
working optical sensors. 
  
distance between working optical sensors (300 mm)Velocity of Piston = 
 time∆
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The optical plot from shot 8 is shown in figure 6.5 below.  
 
Figure 6.5: Optical data from shot 8 
There appears to be spikes in the green, red and black sensors but not the blue sensor. 
As mentioned previously, the blue sensor was damaged prior to the shot being taken. 
Runs 8, 9 and 10 had enough data to estimate the velocity of the piston. Table 6.5 shows 
these velocities at a piston driving pressure of 276 kPa. 
Run Time 1 (seconds) Time 2 (seconds) Distance (mm) Velocity (m/s) 
8 0.0256 0.0068 600 31.9 
9 0.00396 0.00032 300 82.42 
10 0.03384 0.0208 600 46.01 
Table 6.5: Piston velocity 
The outcomes from the optical data were that it was not constant for measures of 
velocity using the same piston driving pressure. The point in time where the piston 
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passes the sensor was too difficult to accurately determine from the optical data readout. 
There was a great deal of noise disturbance from the data captured by the oscilloscope, 
so it was difficult to distinguish between these disturbances and the signal received from 
the passing of the piston. 
6.4.2 High speed camera data 
6.4.2.1 Water pulse leading edge velocity 
The leading edge velocity of the water pulse was calculated by measuring the distance 
the pulse travelled between high speed camera frames. Table 6.6 shows the results of 
the leading edge velocity and the expected velocity calculated using Bernoulli’s 
equation in section 6.2.2. 
Run Driving pressure 
(kPa) 
Velocity of leading 
edge (m/s) 
Expected velocity from 
table 6.3 (m/s) 
11 276 488  562 
13 414 694 675 
14 607 1059 819 
Table 6.6: Velocity of leading edge compared with expected velocity 
Figure 6.6 shows the relationship between the piston driving pressure; the actual 
velocity of the water pulse front; and the expected velocity from Bernoulli’s equation. It 
can be seen that the assumptions made while calculating the expected velocity seem 
justified as the velocity comparisons are very similar. 
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Figure 6.6: The actual pulse front velocity compared to the expected pulse front velocity using 
Bernoulli's equation 
Zero velocity at zero piston driving pressure was added as an interest, and a basic 
polyfit function was used in the Matlab script to highlight the linear relationship.  
6.4.2.2 Velocity of pulse spread after impact with brass tube 
The velocity of the spread of the pulse after it hit the brass tube was calculated by 
measuring the distance of the spread on each frame from the high speed camera data. 
The velocity was then calculated using this spread distance and the time between each 
frame. Figure 6.7 to 6.11 shows the velocity of the pulse spread from shot 11 to 14. 
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Figure 6.7: Shot 11 pulse spread velocity 
The velocity appears to initially increase before decreasing linearly. The second pulse 
seems to impact on the brass tube at 0.0001632 seconds which would explain the spike 
in the velocity of the spread at this point. Figure 6.8 below illustrates this second 
reflective pulse propagating at 0.0001600 seconds. 
 
Figure 6.8: Second pulse propagation 
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Figure 6.9 illustrates the velocity of the pulse spread for shot 12. There appears to be a 
spike in velocity that corresponds with the second reflection pulse striking the brass 
tube. For shot 12, this second pulse strikes the tube at approximately 0.0001730 
seconds. 
 
Figure 6.9: Shot 12 pulse spread velocity 
Figure 6.10 illustrates the velocity of the pulse spread for shot 13. The piston driving 
pressure was higher again so the number of frames that contain the leading edges of the 
spread were limited. 
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Figure 6.10: Shot 13 pulse spread velocity 
Once again the spike in pulse spread velocity corresponds to the tail end of the initial 
pulse and the second reflected pulse. 
Figure 6.11 illustrates the velocity of the pulse spread for shot 14. In this case there 
were only 3 frames available to see the leading edge of the spread. This was not enough 
to understand what the pulse spread velocity was doing. Inspection of the frames reveals 
there were 2 pulses impacting on the brass tube but the data from figure 6.11 is too 
limited to reveal this. 
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Figure 6.11: Shot 14 pulse spread velocity 
 It appears that after the initial spike the velocity remains linear, however an additional 
reflected pulse strikes the brass tube during these time frames. 
6.4.2.3 The reflected pressure pulse 
The high speed camera was set to take a photograph every 32 µs. The visual data from 
all gas gun shots showed an extra pulse propagating about 5 camera frames after the 
initial pulse. Investigation was carried out to determine the origin for these reflected 
pulses by analysing the acoustic speed of sound in the aluminium piston; the acoustic 
speed of sound in the water in the reservoir; and, how long it would take for the 
reflected pulse to appear from the nozzle. Figure 6.12 illustrates the reflected waves in 
the piston and the water.  
The end condition of the material the wave is travelling through determines whether the 
wave remains a compression or expansion wave. If the end has no solid support, the 
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wave will change from a compression to an expansion wave. If the end has a solid 
surface for the wave to reflect off, the wave will remain the same (Meyers, 1994).  
The pulse will travel through the water and piston at the acoustic speed of sound of each 
individual material. The acoustic speed of sound in water is 1497 m/s while in 
aluminium it is 4877 m/s. Figure 6.12 illustrates the way in which the waves will travel 
through both mediums, and the time it takes for them to be reflected. 
 
Figure 6.12: The reflected waves through the water reservoir and the aluminium piston 
It can be seen from figure 6.12 that the time difference between the sound waves in the 
water reservoir is approximately 0.000134 seconds and this wave will remain in 
compression throughout its travel. Visually analysing the time it takes between pulses 
from the high speed camera data for shot 11 in appendix C shows that this time period is 
approximately 0.000127 seconds. This would indicate that the origin of the reflected 
pulse is the compression waves in the water reflecting off the front of the piston, and 
that the reflection waves from the piston are not visually apparent in the water pulse. 
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6.4.2.4 The mean p
In 1954 to 1956 Dunne and Cassen made the 
jet consists of discrete segments moving at different velocities. Observation of the pulse 
from the high speed camera in shot 14 shows a distinct separation of the full pulse 
shape of a cone around the inner 
Figure 6.13: Separation of discrete sections of the pulse at a piston driving pressure of 607 kPa
As a result of the different discrete parts moving at different velocities 
caused by the friction boundary layer in the nozzle
causing the visual effect shown
estimate the mean density of the water in the pulse at the point of impact, and the 
minimal volume in the separated cone will be negated. 
Buzukov (1999) used the following method to estimate the density of a liquid 
distance away from a nozzle.
0 0
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Where: 
0
3
 density of the water x distance away from the nozzle
 initial volume of the water within the nozzle
 volume of the water at distance x
kg
 density of water 1000 
m
 density of 
x
x
liquid
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V
ρ
ρ
ρ
=
=
=
 
=  
 
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 
 
 
Figure 6.14 shows the geometry of the jet. In this project, the change in length of the 
initial volume 0δ  and the final volume xδ will be assumed to be the same because the 
distance over which the water pulse travels is so short and the velocity is assumed to be 
constant ( 0 xu u= ). 
 
Figure 6.14: Geometry of the jet (Buzukov, 1999) 
The initial volume of the pulse contained in the nozzle is: 
  
2
0 0
0 4
DV piδ=  
Where: 
0
0
0
 initial volume of the water within the nozzle
 an arbitory length in this case the distance between the nozzle and the brass tube
18.5 mm
 diameter of the nozzle
V
D
δ
=
=
=
=
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The volume of the water pulse on contact with the brass tube is: 
   
2
4
x x
x
DV piδ=  
Where: 
 the volume of the water on impact with the brass tube
 18.5 mm
 diameter of the pulse on impact (from experimental data)
10.4
x
x
x
V
D
mm
δ
=
=
=
=
 
Therefore the mean density of the water pulse on impact with the brass tube is 
approximately: 
0 0
8 8
6 6
1
1.45 10 1.45 101000 1 1.2
1.57 10 1.57 10
10.4
x liquid air
x x
V V
V V
ρ ρ ρ
− −
− −
 
= + − 
 
 × ×
= × + − × 
× × 
=
 
Using this approach, the mean density of the water in the pulse as it strikes the brass 
tube is 10.4 kg/m 3  
Another approach would be to consider the flow of the water as a mass flow rate. If the 
velocity of the pulse flow is assumed to be constant, than a mass flow rate approach 
could be used to estimate the mean density of the water in the pulse at a certain distance 
from the nozzle. At the point of impact with the brass tube, the initial volume of the jet 
will be dispersed and the water particles will separated from each other because of 
capitation destruction (Buzukov, 1999), so if the velocity of the pulse is assumed to be 
constant only the area of the pulse front and the mean density of the water particles will 
change. The area of the pulse front can be estimated by finding its diameter on impact 
with the brass tube from the high speed camera data; therefore the mean density can be 
approximated using the conservation of momentum law: 
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This approach estimates the mean density of the pulse at 18.5 mm to be 9.25 kg/m 3
 
which is a similar result to the first approach.  
These 2 methods calculated the mean density of the pulse on impact with the brass tube, 
however in reality there is expected to be a core density that should remain 
approximately 1000 kg/m 3 . Experiments carried out by C. N. Chermenskii proposing 
discrete sections of the pulse travelling at different velocities found the water travelling 
at a slower velocity dispersed into a halo type effect with diminished density while the 
main core retained a higher density. 
The assumed diameter of the dense core has a huge effect on the estimated force 
delivered by the HPWP. Table 6.7 shows the effect a small change in diameter has on 
the estimated force using the water hammer equation. 
2
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Core diameter Expected force on brass tube (N) 
2 mm 472 
3 mm 1064 
4 mm 1891 
5 mm 2956 
Table 6.7: The effect core diameter has on estimated pulse force 
This could be a good method of predicting the diameter of the core density if accurate 
force data was collected from the strain gauges.  
6.5 De-convolved data from the strain gauges 
As mentioned in Chapter 5, a Matlab script was used to obtain an impulse response 
filter to smooth the noise interference and convert the strain gauge signal from a voltage 
signal into a force signal. The time delay between 2 calibration runs; cal10_1 and 
cal10_2 and the strain gauge voltage signals from all gas gun shots were then manually 
removed ensuring the first point of the voltage signal was non-zero. The filtered 
impulse response from the particular shot was de-convolved to obtain the input force 
from the water pulse striking the brass tube.  
The transfer function appeared slightly unstable especially at the lower gain setting on 
the amplifiers. For shots 8 to 10 and shots 15 and 16, the amplifier gain was set to 200 
units / volt; while for shots 11 to 14 the amplifier gain was set to 50 units / volt. The 
data from the de-convolved force plots (shown in Appendix C) show the output from 
the transfer function more unstable for shots 11 to 14. For shots at an amplifier gain of 
200 units / volt, the magnitude of the first peak was used to determine the force input 
onto the brass tube; while shots at an amplifier gain of 50 units / volt, the magnitude of 
the highest peak was used to determine the force input onto the brass tube. There was no 
scientific reason for this except the data looked more feasible while in reality the data 
from the lower gain settings is probably not an accurate measure of the force applied to 
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the brass tube. Table 6.8 shows the de-convolved data from the strain gauges at all 
piston driving pressures and distances from the nozzle. It can be seen that the data from 
shots 11 to 14 at the higher amplifier setting are not consistent. 
Shot 
number 
Distance 
(mm) 
Piston driving pressure 
(MPa) 
Force from the strain gauges 
(N) 
8 18.5 0.276 256 
9 18.5 0.276 263 
10 38.5 0.276 219 
11 18.5 0.276 336 
12 18.5 0.276 304 
13 18.5 0.414 408 
14 18.5 0.607 839 
15 0.3 0.276 930 
16 8.5 0.276 792 
Table 6.8: De-convolved data from the strain gauges 
Shots 8 and 9 had a piston driving pressure of 0.276 MPa and the result is consistent, 
while shot 11 and 12 have the same initial conditions but show a higher velocity. 
6.5.1 System losses at similar distances from the nozzle but 
different piston driving pressures 
Table 6.9 compares the expected force from the HPWP on the tube calculated from the 
water hammer equation in section 6.2.3; and the experimental force data from the strain 
gauges for each piston driving pressure used where the distance from the nozzle to the 
brass tube was 18.8 mm.  
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Piston driving pressure 
(MPa) 
Expected force on brass tube 
from table 6.4 
(N) 
Force from the strain gauges 
(N) 
0.276 628.5 256 
0.276 628.5 263 
0.414 754.9 408 
0.607 916.0 839 
Table 6.9: The piston driving pressure: the expected force from the water hammer equation; and 
the force from the strain gauges 
Figure 6.15 shows the relationship between the expected force result from the water 
hammer equation and the experimental force result from the strain gauges. The strain 
gauge data shown for the first 2 shots is from the lower amplifier gain setting while the 
last 2 shots is from the higher amplifier gain setting. The force derived from the water 
hammer equation was from an ideal environment with no system losses so it is of 
interest to see the results drawing closer at higher piston driving pressures.  
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Figure 6.15: The expected force data vs the experimental force data from the strain gauges at 
different piston driving pressures but similar distances between the nozzle and the brass tube 
6.5.2 System losses at different distances from the nozzle 
but similar piston driving pressures 
Table 6.10 shows the comparison between the expected force from section 6.2.3 and the 
actual force from the de-convoluted data from the strain gauges at a piston driving 
pressure of 0.275 MPa but with the brass tube strike plate at different distances from the 
nozzle. The strain gauge data shown is all from the lower amplifier gain setting so 
should be more consistant. 
It can be seen from this data that the impulse force from the HPWP striking the brass 
tube from close distances has a higher force than the expected force calculated in 
section 6.2.3; while the force acting on the brass tube from the HPWP at distances 18.5 
mm and 38.5 mm is much less than the expected force.  
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Distance from the 
nozzle at 0.276 MPa 
(mm) 
Expected force on brass tube 
from table 6.4 
(N) 
Force from the strain gauges 
(N) 
0.3 628.5 930 
8.5 628.5 792 
18.5 628.5 256 
38.5 628.5 219 
Table 6.10: System losses for different distances from nozzle but similar piston driving pressures 
Figure 6.16 shows the relationship between the Expected forces, and the actual forces 
acting on the brass tube at a constant piston driving pressure of 0.276 MPa but at 
varying nozzle / strike plate distances. 
 
Figure 6.16: Pressure in the brass tube from the HPWP at similar piston driving pressures but 
different distances from the nozzle. 
The expected pressure equates to the actual pressure from the strain gauges at 
approximately 12 mm distance from the nozzle.  
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7 Analysis and discussion 
7.1 The effectiveness of the PDS 
The initial design parameters of the PDS were to withstand internal pressures of 1 GPa 
and to be relatively easy to reload. The pressures in the water reservoir during the 
course of this project were nowhere near 1 GPa so this parameter was not tested. The 
PDS was relatively quick and easy to reload which reduced downtime between shots. 
Dismantling the PDS required removing four 16 mm bolts. The removable parts then 
dropped onto a holding jig which reduced the risk of the nozzle plate hitting the brass 
tube, and aided in holding the device in place while the bolts were inserted. 
There were initial problems aligning the PDS bore with the bore of the gas gun. After 
some investigation it was discovered that the original adaptor between the gas gun and 
the top of the PDS was larger than the bore of the gas gun and the bore of the PDS. 
Once the PDS bore was re-honed to this larger size the system worked well.   
7.2 The pressure transducer 
After 7 initial shots the pressure transducer was discovered to be faulty and all the data 
from these runs was of no use. This made it difficult to determine the pressure in the 
water chamber, hence compare the system loss at different distances between the nozzle 
and the brass tube.  
The pressure transducer would have aided in the investigation of the additional 
reflective HPWP propagated after the initial HPWP. 
The data from the initial 7 shots is added in Appendix C. 
7.3 The optical sensors 
The optical sensors were not an accurate method of obtaining the piston velocity 
because they were fowled easily by moisture in the barrel ports. One of the sensor leads 
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was damaged which left 3 sensors of which only 2 worked at best. Even when the 
optical sensors detected the passing piston, it was hard to determine the exact time 
because of the large amount of noise interference on the screen. The velocity from 3 
shots was obtained at 276 kPa however there was considerable difference in these 
results. The velocity was averaged between these shots and the end velocity was 
comparable to data from previous experiments. All subsequent piston velocity data used 
to determine water reservoir pressure in this project was from previous experimental 
data shown in figure 6.13 and in Appendix C. 
7.4 The water pulse leading edge velocity 
The velocity of the water pulse leading edge was calculated by measuring the distance 
the pulse travelled over time from the high speed camera data listed in Appendix C. The 
high speed camera was used to capture the propagation of the pulse for different piston 
driving pressures from gas gun shots 11 to 14. The velocity increase appeared to be 
linear with increased piston driving pressures. 
7.5 The velocity of pulse spread after impact with 
the top of the brass tube 
A good relationship between the spread of the pulse after contact with the top of the 
brass tube was determined for shots 11 to 13. Shot 14 did not have enough photographic 
data because higher piston driving pressures increased the velocity of the spread hence 
reducing the number of frames capturing it. Shots with more than 4 frames available 
showed an increase in spread velocity corresponding with the tail of the pulse hitting the 
brass tube. After the initial pulse, there was a slowing in the spread velocity until the tail 
of the reflected pulse contacted the brass tube causing an increase in velocity again. The 
second increase in spread velocity corresponding to the second pulse was slower than 
the first increase in spread velocity.  
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7.6 The reflected pressure pulse 
Investigation was carried out to determine the cause of the reflected pulse. It was 
determined that the pulse travelling through the water reservoir reflected off the back of 
the nozzle plate when the first pulse propagated from the nozzle, then travelled through 
the water reservoir again before reflecting off the front of the piston. This reflected 
pulse again travelled back through the water reservoir and caused another pulse to 
propagate from the nozzle.  
The acoustic speed of sound in water and the length of the water chamber were used to 
calculate the time delay between the pulses. This was compared with the visual data 
from the high speed camera and the time step between frames. The time delays in both 
cases were very similar. 
The reflected pressure waves in the aluminium piston did not seem to have any 
relationship with the visual data from the high speed camera shots.  
7.7 The density of the water pulse on impact 
There were 2 approaches used to estimate the mean density of the water in the pulse on 
impact with the surface of the brass tube. Both these approaches estimated the mean 
density of the water on impact with the brass tube reduced to approximately 1% of its 
original density. In both cases it was assumed the velocity of the pulse over this short 
distance remained constant.  
Even though the mean density of the water in the pulse was much less than the original 
density, there appears to be a core pulse that actually retains the approximate original 
density of the water. Dunne and Cassen (1954) stated that a liquid pulse has 2 discrete 
parts of different velocity. All water particles become separated due to effects of water 
hammer and the particles at slower velocity separate and form a halo effect while the 
faster particles push through this halo in a denser inner core as an ultra high speed pulse 
of several kilometres per second. The comparison between the expected force on the 
brass tube calculated with a pulse density of 1000 kg/m 3  and the actual force from the 
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experimental data shown in figure 6.15; indicates that for higher piston driving 
pressures there appears to be increase in the proportional force delivered to the brass 
tube by the experimental force data which may indicate a higher concentration of 
density at the pulse core. 
In all shots taken in this project, only shot 14 approached speeds of over 1 kilometre per 
second where the discrete velocity sections separate into the beginning of the halo 
effect. It can be seen on the high speed photograph in figure 6.11 that this halo effect is 
just starting to appear. There does appear to be a denser column of liquid impacting on 
the brass tube. It is postulated that the pulse from all other shots were in effect unstable, 
that is the velocity of the pulse was not high enough to stabilise the dense column of 
water in the centre of the pulse. The findings from figure 6.15 showing the expected and 
actual forces approaching at higher piston driving pressures gives further evidence 
suggesting that higher piston driving pressures initiate a denser core at the centre of the 
HPWP 
If the de-convolved experimental force data from the strain gauges was accurate, a good 
method of estimating the diameter of the dense pulse core would be to use the water 
hammer equation from section 6.4.2.4. If high piston driving pressures were used 
assuring good water hammer effect, the density of the pulse core could be assumed at 
1000 kg/m 3 therefore the only variable in the hammer equation would be the diameter of 
the dense core. 
7.8 The de-convolved force data 
Even though the transfer function worked extremely well in predicting the input from 
the hammer calibration data shown in section 5.3, the transfer function used to de-
convolve the force data from the strain gauge voltage signals appeared to be unstable 
especially at low amplifier gain settings. Most of the plots from the de-convolved data 
shown in Appendix C illustrated 2 or 3 peaks. When the time step between the peaks 
was analysed, it was determined that they were too close together to be from the 
reflected HPWP 
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Shots 8 and 9 were at an amplifier gain setting of 200 units / volt and the de-convolved 
force in both cases seemed reasonable, however results from shots 11 to 14 at the lower 
amplifier gain setting of 50 units / volt showed a higher force for similar piston driving 
pressures at the same distance between the nozzle and the brass tube. The forces from 
the gas gun shots at the higher amplifier gain settings were determined by finding the 
magnitude of the initial peak from the plots of the de-convolved data. The forces from 
the gas gun shots at the lower amplifier gain settings were determined by finding the 
magnitude of the highest peak shown in the plots of the de-convolved data for those 
particular shots. There was no scientific reason for this except the force value from the 
initial peaks of the low gain data was not reasonable. The value of force from the 
highest peak seemed to be more realistic.  
7.8.1 The system losses at similar distances from the nozzle 
but different piston driving pressures 
Assuming the de-convolved force data is accurate, figure 6.15 indicates that for higher 
piston driving pressures the results from the expected force calculated using the water 
hammer equation and the actual force from the strain gauges converge. This would 
indicate that the water hammer effect from the pulse acting on the strike plate reduces 
the system loss with increased pulse velocity. At higher pulse velocities – over 1 
kilometre per second – the discrete velocity sections separate reducing the mean pulse 
density however the higher velocity pulse core pushes through the slower section and 
forms a dense pulse core approximately the same density as the original fluid.  
7.8.2 The system losses at different distances from the 
nozzle but similar piston driving pressures 
Again assuming the de-convolved data is accurate, figure 6.16 indicates that the water 
hammer effect actually increases the force delivered to the brass tube at very small 
distances between the nozzle and the strike plate. This seems unlikely, however the data 
indicates that the expected force in the water reservoir was actually lower than the force 
delivered to the brass tube until the distance between the nozzle and the brass tube was 
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approximately 12 mm. the actual force from the strain gauges decreases rapidly as the 
distance between the nozzle and the brass tube exceeds 10 mm. 
7.9 Overview 
The importance of having a good data acquisition process is essential so it was 
disappointing that the optical sensors and the pressure transducer failed to work 
however reasonable approximations of piston velocities and water reservoir pressures 
could still be achieved using existing data from other experiments. There were two PDS 
parameters that had the most impact on the outcome of this project. These parameters 
were: 
• The accuracy of the PDS bore in reducing mechanical vibration.  
These vibrations affected the accuracy of the recorded data and increased the 
losses from friction which made it difficult to predict down line pressures and 
forces. 
• The length of the water reservoir.  
This length has considerable influence on pressures developed within the reservoir 
because of the doubling effect from the reflected pressure pulse waves. If the 
reservoir is short enough, the reflected pressure wave is produced before the 
initial pressure wave has decayed. 
The leading edge velocity appeared to have a linear relationship with the increased 
piston driving pressure; however the measured force between the pulse and the brass 
tube increased in a nonlinear manner with increased piston driving pressure. It would be 
interesting to see the relationship between the expected force using the water hammer 
equation and the force on the brass tube from even higher piston driving pressures. 
The effect from the reflected pulse could aid crack propagation in rocks and needs to be 
examined at much higher piston driving pressures. The data from the de-convolved 
Matlab script was not accurate enough to examine force differences between the initial 
ENG4111 / 4112 Research Project 
 
83 
pulse and the reflected pulse. It would be of interest in future work to try a different 
approach to stabilising the transfer function so these forces and the decay in both the 
initial pulse and the reflected pulse could be analysed and compared.  
Even though the mean density of the water pulse reduced dramatically because of the jet 
spreading effect; the pulse core density seemed to increase towards original density with 
higher piston driving pressures. A velocity of over 1 kilometre per second seemed to be 
the starting point where the discrete sections of the pulse separate and the dense core 
pushed through the slower halo effect to give a better impact on the brass tube. Again it 
would be interesting to analyse this effect at higher piston driving pressures. 
The accuracy of the de-convolved data is in question because of the unstable transfer 
function used in the Matlab script however it indicated that the system losses were 
minimal and experimental pressures even exceeded original pressures when the distance 
the pulse travelled was minimised. Higher piston driving pressures also stabilised the 
dense pulse core giving better pulse impact with the target material.  
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8 Conclusion 
8.1 Introduction 
The main focus of this project was to design and construct a modification to the USQ 
gas gun that would propagate a high pressure water pulse. The modification had to be 
able to withstand internal pressures of up to 1 GPa and be relatively easy to reload. 
Once the modification was made, analysis of the pulse was carried out in 2 ways. These 
were: 
• Visual analysis of the pulse propagation using the high speed camera to determine 
the velocity of the pulse leading edge; the spread velocity after impact on the 
brass tube; the origin of the reflected pulse; and the mean pulse density. 
• Force analysis of the pulse by using strain gauges attached to the brass tube to 
determine system losses. 
8.2 Project objectives achieved 
All objectives of this project as outlined in the specifications in Appendix A were met 
and discussed in the body of the report. These objectives are summarised below: 
The first objective was to research the background of existing secondary breaking 
methods, and discuss their limitations. The use of pulsed liquid technology was also 
investigated and the attractions of using this technology in the mining industry for rock 
breaking were discussed.  
The second objective was to design and construct a modification to the existing USQ 
gas gun to propagate a single high speed water pulse and be relatively easy to reload. 
The modification was made and after some initial adjustments it worked well. The 
device was relatively easy to reload which reduced time between shots and it handled 
the pressures used in this project.  
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The third objective was to design a system to capture the data delivered by the high 
speed water pulse. Initially the high pressure water pulse was going to strike a steel 
strike plate; however after consideration regarding stress wave development, a brass 
tube was used. This allowed the pulse to continue into the brass tube as a 1 dimensional 
longitudinal stress wave that is easy to analyse. The brass tube was able to be adjusted 
to allow different distances between the nozzle and the top of the tube so the force from 
pulses at these different distances could be analysed.  
The fourth objective was to use a high speed camera to visualise the propagation and 
development of the HPWP. The data from the camera was used to investigate the 
velocity of the pulse leading edge at different driving pressures; the velocity of the 
leading edge of the spread after impact with the brass tube; the origin of the reflected 
pulse; and the mean pulse density. 
The fifth objective was to use strain gauges attached to a strike plate to analyse the 
characteristics of the pulsed water jet. The strain gauges captured the data from the 
shots at different piston driving pressures but the same length from the nozzle; and 
similar piston driving pressures but at different distances from the nozzle. This data was 
de-convolved to predict the force delivered to the strike plate by the water pulse. 
The sixth objective was to de-convolve the data from the strain gauges to find the force 
delivered by the water jet onto the brass tube. This was done but unfortunately the 
pressure transducer did not work so the water reservoir pressure was calculated using 
the piston velocity from previous experiments. This pressure was used to analyse the 
differences between the pressure in the water reservoir and the force from the strain 
gauges. 
8.3 Limitations of study 
This project provided the apparatus to propagate and analyse a water pulse, however 
there were 2 main limitations to a better understanding a HPWP.  
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The first limitation was that some of the instrumentation used did not work. Data from 
previous experiments was used to calculate required parameters which compensated for 
hardware failure.  
The second limitation was that the pressures used in this project to analyse a pulse were 
not high enough. Shot 14 just approached the pressure required to create the sort of 
pulse velocity that is of interest.  
Despite these limitations, the conclusions of this project and the modifications to the gas 
gun give the university a starting point and a means to carry out further study into high 
pressure water pulses. 
8.4 Directions of future study 
Even though the findings from this project did not solve the problems associated with 
using HPWP technology in the mining industry, it has highlighted some areas of interest 
that need further investigation.  
8.4.1 Further analysis of a high pressure water pulse: 
The USQ gas gun has the capacity to generate much higher piston driving pressures and 
the apparatus designed and constructed for this project has the capacity to withstand 
much higher pressures in the water reservoir; therefore there is capacity for further 
analysis of a water pressure pulse at higher piston driving pressures. If further 
investigation of a HPWP was pursued, a number of improvements to existing equipment 
and suggestions could be made. These are: 
• Ensure the pressure transducer works and pressures do not exceed its designed 
limit. 
• Develop a more effective way to determine piston velocity and acceleration 
• Develop a better method of visualising the HPWP in the high speed camera 
photographs. The photos could be enhanced by designing a paper screen with a 
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low density light source behind it to be used as a backdrop for the pulse. The 
pulse views as a black or dark mass in the images from the camera so a light 
background should help in visualising its perimeter. 
• Future studies of high speed water pulses should start with piston driving 
pressures of at least 0.6 MPa. This would propagate a pulse velocity over a 
kilometre per second where the discrete sections of the pulse velocity separate and 
the denser core of the pulse is formed.  
• It would be of interest to view the pulse over larger distances, up to 1 meter. This 
would give some insight into the characteristics of the pulse especially when the 
discrete velocity parts separate.  
• The change in density over the cross section of the pulse is of interest. An 
approach could be designed to analyse these different densities and investigate 
how the force differed in relation to the density at a specific distance from the 
centre of the pulse impact. 
8.4.2 Future analysis of effects high pressure pulses have 
on rock 
Once the characteristics of the pulse have been analysed at high pressures using the 
brass tube strain gauges and the high speed camera, experimentation on different types 
of rock could be carried out to see how the pulse affects the propagation of cracks. This 
could incorporate: 
• Investigation into how different nozzles optimise the force delivered to the rock 
• Investigate the impact the reflected pressure waves have on crack propagation. 
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University of Southern Queensland 
FACULTY OF ENGINEERIGN AND SURVEYING 
ENG4111 / ENG4112 Research Project 
PROJECT SPECIFICATION 
FOR:   Ed Cleary 
TOPICS:  PULSED LIQUID JET FOR ROCK FRACTURE 
SUPERVISOR: Dr David Buttsworth 
ENROLMENT: ENG4111 (Semester 1 2008) 
   ENG4112 (Semester 2 2008) 
PROJECT AIM:  
PROGRAMME: (Issue A, 17th March 2008) 
Research the background information regarding the use of pulsed liquid jets for 
secondary breaking.  
Design and construct a modification on the existing USQ gas gun to propagate a single 
high speed water pulse 
Design a system to capture the data delivered by the high speed water pulse 
Use a high speed camera to visualise the propagation and development of the high 
speed jet. 
Use strain gauges on a brass tube to analyse the characteristics of the pulsed jet. 
Analyse the system losses between the pressure in the water reservoir and the force 
delivered to the brass tube by the water pulse. 
If time permits: 
Analyse and investigate why this method of rock breaking is not being used on a large 
scale in industry today. 
Develop technology to make this process viable as an alternative to using explosives for 
secondary blasting in the mining industry. 
AGREED: 
        _____________________ (Student), ____________________ (Supervisor) 
        __ / __ / __          __ / __ / __ 
Examiner:  __________________________
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APPENDIX C: DATA FROM GAS GUN SHOTS 
APPENDIX C                                                                                  Data from Gas Gun 
C2 
Input parameters for the gas gun shots 1 to 16: 
 
Date 
Driver 
pressure 
Piston 
mass 
Time 
setting 
Channels 
used 
Channel 
sensitivity 
Saved as 
20/7/2008 414 kPa 52.5 g 25 ms / div Channel 1 500 mV / div run1.txt 
Table 8.1: Shot number 1 input data 
Date 
Driver 
pressure 
Piston 
mass 
Time 
setting 
Channels 
used 
Channel 
sensitivity 
Saved as 
30/7/2008 296 kPa 52.5 g 25 ms / div Channel 1 500 mV / div run2.txt 
Table 8.2: Shot number 2 input data 
Date 
Driver 
pressure 
Piston 
mass 
Time 
setting 
Channels 
used 
Channel 
sensitivity 
Saved as 
31/7/2008 276 kPa 52.5 g 25 ms / div Channel 1 500 mV / div run3.txt 
Table 8.3: Shot number 3 input data 
Date 
Driver 
pressure 
Piston 
mass 
Time 
setting 
Channels 
used 
Channel 
sensitivity 
Saved as 
30/7/2008 296 kPa 52.5 g 25 ms / div Channel 1 500 mV / div run4.txt 
Table 8.4: Shot number 4 input data 
Date 
Driver 
pressure 
Piston 
mass 
Time 
setting 
Channels 
used 
Channel 
sensitivity 
Saved as 
30/7/2008 296 kPa 52.5 g 25 ms / div Channel 1 500 mV / div run5.txt 
Table 8.5: Shot number 5 input data  
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Date 
Driver 
pressure 
Piston 
mass 
Time 
setting 
Channels 
used 
Channel 
sensitivity 
Saved as 
30/7/2008 296 kPa 52.5 g 25 ms / div Channel 1 500 mV / div run6.txt 
Table 8.6: Shot number 6 input data 
 
Date 
Driver 
pressure 
Piston 
mass 
Time 
setting 
Channels 
used 
Channel 
sensitivity 
Saved as 
30/7/2008 296 kPa 52.5 g 25 ms / div Channel 1 5 V / div run7.txt 
Table 8.7: Shot number 7 input data 
 
Date 22 Sept 08     
Driver pressure 276 kPa     
Distance from 
nozzle 
18.5 mm     
Piston mass 52.5 g Time 
setting 
Channels 
used 
Channel 
sensitivity 
Saved as 
Amplifier 1 100 units/div 25 ms / div Channel 1 500 mV / div run8tds210.txt 
Amplifier 2 200 units/div 25 ms / div Channel 2 500 mV / div run8tds210.txt 
Optical closest to water res 25 ms / div Channel 1 500 mV / div run8tds2014.txt 
Amplifier 2  25 ms / div Channel 2 500 mV / div run8tds2014.txt 
Next optical 25 ms / div Channel 3 500 mV / div run8tds2014.txt 
Optical furthest from water res 25 ms / div Channel 4 500 mV / div run8tds2014.txt 
Table 8.8: Shot number 8 input data 
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Date 22 Sept 08     
Driver pressure 276 kPa     
Distance from 
nozzle 
18.5 mm     
Piston mass 52.5 g Time 
setting 
Channels 
used 
Channel 
sensitivity 
Saved as 
Amplifier 1 100 units/div 25 ms / div Channel 1 500 mV / div run9tds210.txt 
Amplifier 2 200 units/div 25 ms / div Channel 2 500 mV / div run9tds210.txt 
Optical closest to water res 25 ms / div Channel 1 500 mV / div run9tds2014.txt 
Amplifier 2 25 ms / div Channel 2 500 mV / div run9tds2014.txt 
Next optical 25 ms / div Channel 3 500 mV / div run9tds2014.txt 
Optical furthest from water res 25 ms / div Channel 4 500 mV / div run9tds2014.txt 
Table 8.9: Shot number 9 input data 
 
Date 22 Sept 08     
Driver pressure 276 kPa     
Distance from 
nozzle 
38.5 mm     
Piston mass 52.5 g Time 
setting 
Channels 
used 
Channel 
sensitivity 
Saved as 
Amplifier 1 200 units/div 25 ms / div Channel 1 500 mV / div run10tds210.txt 
Amplifier 2 200 units/div 25 ms / div Channel 2 500 mV / div run10tds210.txt 
Optical closest to water res 25 ms / div Channel 1 500 mV / div run10tds2014.tx
t 
Amplifier 2 25 ms / div Channel 2 500 mV / div run10tds2014.tx
t 
Next optical 25 ms / div Channel 3 500 mV / div run10tds2014.tx
t 
Optical furthest from water res 25 ms / div Channel 4 500 mV / div run10tds2014.tx
t Table 8.10: Shot number 10 input data 
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Date 22 Sept 08     
Driver pressure 276  kPa     
Distance from 
nozzle 
18.5 mm     
Piston mass 52.5 g Time 
setting 
Channels 
used 
Channel 
sensitivity 
Saved as 
Amplifier 1 50 units/div 25 ms / div Channel 1 500 mV / div run11tds210.txt 
Amplifier 2 50 units/div 25 ms / div Channel 2 500 mV / div run11tds210.txt 
No trigger on TDS 2014 scope  Channel 1   
so no optical data for piston speed  Channel 2   
  Channel 3   
  Channel 4   
Table 8.11: Shot number 11 input data 
 
Date 22 Sept 08     
Driver pressure 276 kPa     
Distance from 
nozzle 
18.5 mm     
Piston mass 55.8 g Time 
setting 
Channels 
used 
Channel 
sensitivity 
Saved as 
Amplifier 1 50 units/div 25 ms / div Channel 1 500 mV / div run12tds210.txt 
Amplifier 2 50 units/div 25 ms / div Channel 2 500 mV / div run12tds210.txt 
Optical closest to water res 25 ms / div Channel 1 500 mV / div run12tds2014.tx
t 
Next optical  25 ms / div Channel 2 500 mV / div run12tds2014.tx
t 
No data  Channel 3   
No data  Channel 4   
Table 8.12: Shot number 12 input data 
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Date 22 Sept 08     
Driver pressure 414 kPa     
Distance from 
nozzle 
18.5 mm     
Piston mass 55.8 g Time 
setting 
Channels 
used 
Channel 
sensitivity 
Saved as 
Amplifier 1 50 units/div 25 ms / div Channel 1 500 mV / div run13tds210.txt 
Amplifier 2 50 units/div 25 ms / div Channel 2 500 mV / div run13tds210.txt 
No data  Channel 1   
No data  Channel 2   
No data  Channel 3   
No data  Channel 4   
Table 8.13: Shot number 13 input data 
 
Date 22 Sept 08     
Driver pressure 607 kPa     
Distance from 
nozzle 
18.5 mm     
Piston mass 55.8 g Time 
setting 
Channels 
used 
Channel 
sensitivity 
Saved as 
Amplifier 1 50 units/div 25 ms / div Channel 1 500 mV / div run14tds210.txt 
Amplifier 2 50 units/div 25 ms / div Channel 2 500 mV / div run14tds210.txt 
No data  Channel 1   
No data  Channel 2   
No data  Channel 3   
No data  Channel 4   
Table 8.14: Shot number 14 input data 
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Date 24 Sept 08     
Driver pressure 276 kPa     
Distance from 
nozzle 
0.3 mm     
Piston mass 55.8 g Time 
setting 
Channels 
used 
Channel 
sensitivity 
Saved as 
Amplifier 1 50 units/div 25 ms / div Channel 1 500 mV / div run15tds210.txt 
Amplifier 2 50 units/div 25 ms / div Channel 2 500 mV / div run15tds210.txt 
No data  Channel 1   
No data  Channel 2   
No data  Channel 3   
No data  Channel 4   
Table 8.15: Shot number 15 input data 
 
Date 24 Sept 08     
Driver pressure 276 kPa     
Distance from 
nozzle 
8.5 mm     
Piston mass 55.8 g Time 
setting 
Channels 
used 
Channel 
sensitivity 
Saved as 
Amplifier 1 50 units/div 25 ms / div Channel 1 500 mV / div run16tds210.txt 
Amplifier 2 50 units/div 25 ms / div Channel 2 500 mV / div run16tds210.txt 
Amplifier 2 25 ms / div Channel 1 500 mV / div run16tds2014.tx
t 
No data  Channel 2   
No data  Channel 3   
No data  Channel 4   
Table 8.16: Shot number 16 input data 
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Pressure transducer voltage output for the gas gun 
shots 1 to 7: 
 
Figure 8.1: Run 1 data from the pressure transducer (mV) 
 
Figure 8.2: Run 2 data from the pressure transducer (mV)
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There was no data from run 3 and 4 because the oscilloscope was not set up properly 
and the data was lost 
 
Figure 8.3: Run 5 data from the pressure transducer (mV) 
 
Figure 8.4: Run 6 data from the pressure transducer (mV) 
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Figure 8.5: Run 7 data from the pressure transducer (mV) 
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Piezoelectric strain gauge voltage output for the gas 
gun shots 8 to 16: 
 
Figure 8.6: Run 8 data from the strain gauges (mV) 
 
Figure 8.7: Run 9 data from strain gauges (mV) 
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Figure 8.8: Run 10 data from strain gauges (mV) 
 
Figure 8.9: Run 11 data from the strain gauges (mV) 
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Figure 8.10: Run 12 data from the strain gauges (mV) 
 
Figure 8.11: Run 13 data from the strain gauges (mV) 
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Figure 8.12: Run 14 data from the strain gauges (mV) 
 
Figure 8.13: Run 15 data from the strain gauges (mV) 
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Figure 8.14: Run 16 data from the pressure transducer (mV) 
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Optical data for the gas gun shots 8 to 16: 
 
Figure 8.15: Run 8 Optical data plot 
 
Figure 8.16: Run 9 Optical data plot 
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Figure 8.17: Run 10 Optical data plot 
 
Figure 8.18: Run 12 Optical data plot 
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Figure 8.19: Run 13 Optical data plot 
 
Figure 8.20: Run 14 Optical data plot 
There was no optical data from shot 11, 15 and 16. 
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Optical data for the gas gun shots 8 to 16: 
Run 11 High speed camera shots: 
 
Figure 8.21: Run 11 High Speed Camera shots 
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Run 12 High speed camera shots: 
 
Figure 8.22: Run 12 High Speed Camera shots 
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Run 13 High speed camera shots: 
 
Figure 8.23: Run 13 High Speed Camera shots 
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Run 14 High speed camera shots: 
 
Figure 8.24: Run 14 High Speed Camera shots 
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De-convolved data from the gas gun shots 8 – 16. 
 
Figure 8.25: De-convolved data from shot 8 
 
Figure 8.26: De-convolved data from shot 9 
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Figure 8.27: De-convolved data from shot 10 
 
Figure 8.28: De-convolved data from shot 11 
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Figure 8.29: De-convolved data from shot 12 
 
Figure 8.30: De-convolved data from shot 13 
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Figure 8.31: De-convolved data from shot 14 
 
Figure 8.32: De-convolved data from shot 15 
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Figure 8.33: De-convolved data from shot 16 
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Table of experimental data from report titled “Vertical Gas Gun Facility at USQ” by 
David Buttsworth.
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University of Southern QueenslandRisk Management Plan 
Date:  
19/7/08 
Faculty/Dept:  
FACULTY of ENGINEERING AND 
SURVEYING (FoES)  
Assessment completed by: 
Ed cleary 
Contact No: 
0434330846 
What is the task? 
Firing a piston down a 3m barrel into a cylinder of water to produce a high pressure water jet 
from a nozzle at the end of the barrel. 
Location where task is being conducted: 
Z113 
What is the operational significance of the task? 
The task gathers experimental data from a pulsed jet initiated by a range of reservoir pressures 
driving a piston of certain mass into a column of water. 
What is the strategic significance of the task? 
4th year mechanical engineering project. 
What are the nominal conditions? 
Personnel 
Gas Gun operator and supervisor. 
Equipment 
USQ Gas Gun 
Environment 
Indoors 
Other 
 
Briefly explain the procedure for this task (incl. Ref to other procedures) 
A piston is fired down the barrel of the USQ gas gun using compressed air. The piston will strike a column of water after travelling approximately 3 meters. This impact will produce a high 
pressure pulse within the water column which will in turn produce a high pressure water pulse jet from the nozzle at the end of the water column. Data illustrating the impact pressures and 
pressure decay from the high pressure water pulse acting on a steel strike plate will be obtained using strain gauges attached to this plate. 
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Risk Register and Analysis 
[ALARP = As Low As Reasonably Practicable]  
Risk Treatment Schedule 
Risk 
No 
Risk 
(from Risk Register) 
Treatment Person 
Responsible for 
Implementation 
Timetable for 
Implementation 
Date 
Treatment 
Completed 
Review of 
Effectiveness 
Effective/Not 
effective 
1 L The equipment has been designed and checked. 
 1 June 2008 1 June 2008 Effective 
2 L 
Proper materials were 
purchased and the equipment 
made to specification. 
 30 June 2008 30 June 2008 Effective 
3 L 
Existing safety standards will 
be maintained and the 
holding bolts are made and 
installed onto equipment. 
Installation of 
holding bolts done 
by Ed Cleary 
21 July 2008 16 July 2008 Effective 
4 L 
All hoses are either new or 
tested by manufacturer 
Pirtek Pty Ltd 
Unit 8/1-5 Gardner 
Ct, Toowoomba 
21 July 2008 17 July 2008 Effective 
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5 L 
Loading, arming, firing and 
post firing procedures are 
written and signed off by 
supervisor. 
Ed Cleary and 
David Buttsworth. 
21 July 2008 21 July 2008 Effective 
Notes 
− Significantly high pressures in both air and water will be used in this experiment. All hoses have been checked and an inspection of existing 
equipment has been carried out. Low pressure testing will be carried out first before any high pressure testing occurs. The existing equipment has 
been used before by UQ, QUT and USQ successfully. 
− Modified water chamber was designed and manufactured using a larger factor of safety than initially used in past experiments. All bolts and 
material used in the water chamber were purchased so material strength is known. 
− All personal using the equipment will be inducted by Associate Professor David Buttsworth. A working procedure was written and checked by 
Associate Professor David Buttsworth. The equipment will only be used if 2 inducted personal are present. 
− The laboratory will be evacuated when firing occurs using a remote firing switch outside the laboratory. 
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The task should not proceed if the risk rating after the controls are implemented is still either HIGH or EXTREME or if any risk is not As Low As Reasonably 
Practicable (ALARP). 
This Risk Assessment score of Low (L) is only on the condition that all existing and additional controls are in place at the time of the task 
being conducted.  
Supervisor or Designated Officer  
Name: Signature: 
Position: Contact No: 
Date:  
Safety Coordinator  
 
Name: 
 
Signature: 
 
Position: 
 
Contact No: 
 
Date: 
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Review of Controls: 
This Risk Management Plan is to be reviewed not later than seven (7) days after the commencement of the project and then 
every twelve (12) months and whenever a change has been made to the project or workplace.  
Supervisor or Designated Officer  
Name: Signature: 
Position: Contact No: 
Date of Review:  
Safety Coordinator  
Name: Signature: 
Position: Contact No: 
Date of Review:  
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Review of this Risk Management Plan: 
This Risk Management Plan is to be reviewed every twelve (12) months and whenever a change has been made to the project or 
workplace.  
Date due Review: 30 June 2009. 
Supervisor or Designated Officer  
Name: Signature: 
Position: Contact No: 
Date of Review:  
Safety Coordinator  
Name: Signature: 
Position: Contact No: 
Date of Review:  
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Guidance Notes for review of Controls and Risk Management Plan. 
When monitoring the effectiveness of control measures, it may be helpful to ask the following questions:  
 • Have the chosen control measures been implemented as planned?  
 - Are the chosen control measures in place?  
 - Are the measures being used?  
 - Are the measures being used correctly?  
 • Are the chosen control measures working?  
 - Have any the changes made to manage exposure to the assessed risks resulted in what was intended?  
 - Has exposure to the assessed risks been eliminated or adequately reduced?  
 • Are there any new problems?  
 - Have the implemented control measures introduced any new problems?  
 - Have the implemented control measures resulted in the worsening of any existing problems?  
To answer these questions:  
 • consult with workers, supervisors and health and safety representatives;  
 • measure people’s exposure (e.g. taking noise measurements in the case of isolation of a noise source);  
 • consult and monitor incident reports; and  
 • review safety committee meeting minutes where possible.  
 
Set a date for the review of the risk management process. When reviewing, check if:  
 • the process that is currently in place is still valid;  
 • things have changed that could make the operating processes or system outdated;  
 • technological or other changes have affected the current workplace; and  
 • a different system should be used altogether.  
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Note: In estimating the level of risk, initially estimate the risk with existing controls 
and then review risk controls if risk level arising from the risks is not minimal 
Table 1 - Consequence 
Level Descript
or 
Examples of Description 
1 Insignifica
nt 
No injuries. Minor delays. Little financial loss. $0 - $4,999* 
2 Minor First aid required. Small spill/gas release easily contained within work 
area. Nil environmental impact.  
Financial loss $5,000 - $49,999* 
3 Moderate Medical treatment required. Large spill/gas release contained on 
campus with help of emergency services. Nil environmental impact.  
Financial loss $50,000 - $99,999* 
4 Major Extensive or multiple injuries. Hospitalisation required. Permanent 
severe health effects. Spill/gas release spreads outside campus area. 
Minimal environmental impact. 
Financial loss $100,000 - $250,000* 
5 Catastroph
ic 
Death of one or more people. Toxic substance or toxic gas release 
spreads outside campus area. Release of genetically modified 
organism (s) (GMO). Major environmental impact. 
Financial loss greater than $250,000* 
* Financial loss includes direct costs eg workers compensation and property damage and indirect costs, 
eg impact of loss of research data and accident investigation time. 
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Table 2 - Probability 
Level Descriptor Examples of Description 
A Almost certain The event is expected to occur in most circumstances. Common or 
repetitive occurrence at USQ. Constant exposure to hazard. Very high 
probability of damage. 
B Likely The event will probably occur in most circumstances. Known history of 
occurrence at USQ. Frequent exposure to hazard. High probability of 
damage.  
C Possible The event could occur at some time. History of single occurrence at 
USQ. Regular or occasional exposure to hazard. Moderate probability 
of damage.  
D Unlikely The event is not likely to occur. Known occurrence in industry. 
Infrequent exposure to hazard. Low probability of damage. 
E Rare The event may occur only in exceptional circumstances. No reported 
occurrence globally. Rare exposure to hazard. Very low probability of 
damage. Requires multiple system failures. 
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Table 3 – Risk Rating 
 Consequence 
Insignificant 
1 
Minor 
2 
Moderate 
3 
Major 
4 
Catastrophic 
5 
A (Almost  
certain) 
 M  H E E E 
B (Likely) M H H E E 
C (Possible) L M H H H 
D (Unlikely) L L M M M 
E  (Rare) L L L L L 
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Recommended Action Guide: 
 
Abbrev Action 
Level 
Descriptor 
E Extreme The proposed task or process activity MUST NOT proceed until the 
supervisor has reviewed the task or process design and risk controls. 
They must take steps to firstly eliminate the risk and if this is not possible 
to introduce measures to control the risk by reducing the level of risk to 
the lowest level achievable. In the case of an existing hazard that is 
identified, controls must be put in place immediately. 
 
H High Urgent action is required to eliminate or reduce the foreseeable risk 
arising from the task or process. The supervisor must be made aware of 
the hazard. However, the supervisor may give special permission for staff 
to undertake some high risk activities provided that system of work is 
clearly documented, specific training has been given in the required 
procedure and an adequate review of the task and risk controls has been 
undertaken. This includes providing risk controls identified in Legislation, 
Australian Standards, Codes of Practice etc.* A detailed Standard 
Operating Procedure is required. * and monitoring of its implementation 
must occur to check the risk level 
 
M Moderate Action to eliminate or reduce the risk is required within a specified period. 
The supervisor should approve all moderate risk task or process 
activities. A Standard Operating Procedure or Safe Work Method 
statement is required 
 
L Low Manage by routine procedures.  
 
*Note: These regulatory documents identify specific requirements/controls that must be implemented to reduce the risk 
of an individual undertaking the task to a level that the regulatory body identifies as being acceptable. 
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FILE # 1 Pressure decay 
% plots the decay of a pressure pulse in a column of water 
% Ed Cleary 
% July 2008 
clear all; close all; 
rhow =1000;  
pw =1000;  
Cw=1497;  
Vi = 200;  
m0 = 0.05; 
A = 490e-6; 
t = [0:1e-6:5e-4]'; 
pd = rhow * Cw * Vi * exp(-rhow * Cw * A/m0 * t); 
figure('Position',get(0,'ScreenSize'));  
plot(t,pd) 
grid on; 
ylabel(':Pressure MPa');xlabel('Time ms'); 
axis([0,5e-4,0,3e8]) 
pause; 
close all; clc;  
%EOF 
 
FILE # 2 Calibration plots 
%function data=load_wavestar('run5.txt',2500,2); 
% function to strip characters out of a text file produced by wavestar. 
fid=fopen('cal1.txt') 
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fscanf(fid,'%s',6) 
for i=1:2500, 
    i 
    for j=1:6, 
        num1=fscanf(fid,'%f',1); 
        char1=fscanf(fid,'%s',1); 
        if char1=='m', 
            data(i,j)=num1*1e-3; 
            fscanf(fid,'%s',1); 
        elseif char1=='u', 
            data(i,j)=num1*1e-6; 
            fscanf(fid,'%s',1); 
        elseif char1=='n', 
            data(i,j)=num1*1e-9; 
            fscanf(fid,'%s',1); 
        else 
            data(i,j)=num1; 
        end 
    end 
end 
st=fclose(fid); 
figure('Position',get(0,'ScreenSize'));%,'menubar','none'); 
plot(data(:,1)+0.00006,data(:,2),'g') 
hold on; 
plot(data(:,1)+0.00006,data(:,4),'k') 
hold on; 
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plot(data(:,1)+0.00006,data(:,6)/10) 
mytitle=sprintf('Voltages from hammer and 2 strain gauges'); 
title(mytitle,'FontSize',14,'FontWeight','bold');  
xlabel('Time (ms)'); 
ylabel('Volts (mV)'); 
legend('Strain gauge 1 (output)','Strain gauge 2 (output)','Calibration hammer 
(input)','location','southeast') 
grid on; 
pause; 
close all; clc; 
 
FILE # 3  Calibration process 
% Calibration processing for Ed Cleary's stain bar at USQ 
% David Buttsworth 
% 17 Sept 08 
% Calibration with impulse force hammer 
% Model 086C02, NS 12097 
HammerCal = 11.8e-3; % V/N (manufacturer's value) 
% Load data from oscilloscope 
disp('loading data from cal2.txt') 
data2 = load_wavestar_2('cal2.txt',2500,6); % a moderate impact 
disp('loading data from cal3.txt') 
data3 = load_wavestar_2('cal3.txt',2500,6); % a lighter impact 
disp('loading data from cal4.txt') 
data4 = load_wavestar_2('cal4.txt',2500,6); % a very light impact 
% Manually identify values for input start and finish and wave arrival 
% based on unfiltered signals 
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% Cal2: 
nhs2 = 479; % data point number for hammer start (last point in noise) 
nhf2 = 580; % data point number for hammer finish (first point back into noise) 
nsa2 = 487; % data point number for wave arrival at film A (last point in noise) 
nsb2 = 498; % data point number for wave arrival at film B (last point in noise) 
% Cal3: 
% Cal4: 
% Cal2 to 4 all have same time base: 
t = data2(:,1); % time array 
dt = t(2)-t(1); % time per sample 
% Voltages - zeroed (hammer especially seems to have a small offset) 
% Cal2: 
vsa2 = data2(:,2)-mean(data2(1:nhs2,2)); % voltage strain gauge A 
vsb2 = data2(:,4)-mean(data2(1:nhs2,4)); % voltage strain gauge B 
vh2 = data2(:,6)-mean(data2(1:nhs2,6)); % voltgage from hammer 
% Filter the signals 
[b,a] = butter(2,0.2,'low'); 
% Cal2: 
vhf2 = filtfilt(b,a,vh2); 
vsaf2 = filtfilt(b,a,vsa2); 
vsbf2 = filtfilt(b,a,vsb2); 
% Convert to hammer signal to Newtons 
% Cal2: 
fhf2 = vhf2/HammerCal; % force-hammer-filtered-Cal2 
% Use a certain number of sample points only to design impulse response 
% filter: 
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npt = 500; 
% Identify basis functions (removing the delay) 
% Ensure first point in strain signals is nonzero, but 
% first point in force signal can be zero. 
% Cal2 
va2 = vsaf2(nsa2:nsa2+npt); 
vb2 = vsbf2(nsb2:nsb2+npt); 
f2 = fhf2(nhs2-4:nhs2-4+npt); % adjusted by 4 so first point in force signal is close to 
zero 
% Obtain the impulse response filters: 
% Cal2 
ha2 = V2F_IRF(va2,f2,dt,1); 
hb2 = V2F_IRF(vb2,f2,dt,1); 
 
FILE # 4 Load wavestar data  
function data=load_wavestar_2(file_name,nrows,ncolumns); 
fid=fopen(file_name); 
fscanf(fid,'%s',ncolumns); 
for i=1:nrows, 
    % i 
    for j=1:ncolumns, 
        num1=fscanf(fid,'%f',1); 
        char1=fscanf(fid,'%s',1); 
        if char1=='m', 
            data(i,j)=num1*1e-3; 
            fscanf(fid,'%s',1); 
        elseif char1=='u', 
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            data(i,j)=num1*1e-6; 
            fscanf(fid,'%s',1); 
        elseif char1=='n', 
            data(i,j)=num1*1e-9; 
            fscanf(fid,'%s',1); 
        else 
            data(i,j)=num1; 
        end 
    end 
end 
st=fclose(fid); 
 
FILE # 5 Filter data and Deconvolve data from calibration hammer and strain 
gauges. 
function h = V2F_IRF(V,F,dt,test) 
% h = V2F_IRF(V,F,dt,test) 
% Obtain an impulse response filter to convert from  
% a voltage signal to a force signal (V2F) using 
% measured data from an impact calibration which gives  
% the basis functions V and F. 
% Remove the time lag from the voltage signal and ensure 
% the first point of the voltage signal is non-zero. 
% Inputs 
%      V     sampled strain gauge voltage output 
%      F     sample force input 
%      dt    time between samples for both V and F 
%      test  set to 1 for to make some plots 
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% Output 
%      h     filter impulse response of length(V) 
% Note that the implementation in this function follows the 
% approach suggesed by: 
% Oldfield, M. L. G., 2008, Impulse Response Processing of  
% Transient Heat Transfer Gauge Signals,  
% J. Turbomach., Vol. 130, No. 2, 9 pages 
% But for implementation in the context strain signal processing, 
% one or both of the basis functions are expected to be 
% obtained from experiment. 
% David Buttsworth 
% 17 September 08 
np = length(V); 
% Deconvolve to get impulse response for V to F 
delta = [1;zeros((np-1),1)]; % Impulse function 
h = filter(F,V,delta); 
% Make some plots if required 
if test ~= 1 
   return 
end 
% Plot of impulse response 
figure(1); 
plot(h(1:50)); 
title('Impulse response of impulse filter') 
xlabel('Sample number') 
ylabel('Impulse response') 
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% Time vector for plotting 
t = (0:dt:(np-1)*dt)'; 
% See if we can extract the correct input force signal using  
% the impulse response filter and the measured voltage signal 
F2 = fftfilt(h,V); 
figure(2) 
plot(t,F,t,F2,'o') 
legend('original force data','deconvolved force data') 
xlabel('time (s)') 
ylabel('force (N)') 
grid on; 
 
FILE # 6 Filter data and Deconvolve data from strain gauges to determine input. 
% Calibration processing for Ed Cleary's stain bar at USQ 
% David Buttsworth 
% 17 Sept 08 
% Calibration with impulse force hammer 
% Model 086C02, NS 12097 
HammerCal = 11.8e-3; % V/N (manufacturer's value) 
% Load data from oscilloscope 
disp('loading data from cal10_1.txt') 
cal1 = load_wavestar_2('cal10_1.txt',2500,6); % calibration data 
disp('loading data from cal10_2.txt') 
cal2 = load_wavestar_2('cal10_2.txt',2500,6); % calibration data 
disp('loading data from run10tds210.txt') 
run = load_wavestar_2('run14tds210.txt',2500,4); % experimental data 
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% Manually identify values for input start and finish and wave arrival 
% based on unfiltered signals 
% Cal1: 
nhs_c1 = 316; % data point number for hammer start (last point in noise) 
nhf_c1 = 800; % data point number for hammer finish (first point back into noise) 
nsa_c1 = 360; % data point number for wave arrival at film A (last point in noise) 
nsb_c1 = 420; % data point number for wave arrival at film B (last point in noise) 
% Cal2: 
nhs_c2 = 235; % data point number for hammer start (last point in noise) 
nhf_c2 = 775; % data point number for hammer finish (first point back into noise) 
nsa_c2 = 295; % data point number for wave arrival at film A (last point in noise) 
nsb_c2 = 390; % data point number for wave arrival at film B (last point in noise) 
% run: 
nsa_r = 257.5; 
nsb_r = 311; 
% Cal1: 
t_c1 = cal1(:,1); % time array 
dt_c1 = t_c1(2)-t_c1(1); % time per sample 
% Cal2: 
t_c2 = cal2(:,1); % time array 
dt_c2 = t_c2(2)-t_c2(1); % time per sample 
% run: 
t_r = run(:,1); % time array 
dt_r = t_r(2)-t_r(1); % time per sample 
% Voltages - zeroed (hammer especially seems to have a small offset) 
% Cal1: 
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vsa_c1 = cal1(:,2)-mean(cal1(1:nhs_c1,2)); % voltage strain gauge A 
vsb_c1 = cal1(:,4)-mean(cal1(1:nhs_c1,4)); % voltage strain gauge B 
vh_c1 = cal1(:,6)-mean(cal1(1:nhs_c1,6)); % voltgage from hammer 
% Cal2: 
vsa_c2 = cal2(:,2)-mean(cal2(1:nhs_c2,2)); % voltage strain gauge A 
vsb_c2 = cal2(:,4)-mean(cal2(1:nhs_c2,4)); % voltage strain gauge B 
vh_c2 = cal2(:,6)-mean(cal2(1:nhs_c2,6)); % voltgage from hammer 
% run: 
vsa_r = run(:,2)-mean(run(1:nsa_r,2)); % voltage strain gauge A 
vsb_r = run(:,4)-mean(run(1:nsb_r,4)); % voltage strain gauge B 
% Filter the signals 
[b,a] = butter(2,0.1,'low'); 
% Cal1: 
vhf_c1 = filtfilt(b,a,vh_c1); 
vsaf_c1 = filtfilt(b,a,vsa_c1); 
vsbf_c1 = filtfilt(b,a,vsb_c1); 
% Cal2: 
vhf_c2 = filtfilt(b,a,vh_c2); 
vsaf_c2 = filtfilt(b,a,vsa_c2); 
vsbf_c2 = filtfilt(b,a,vsb_c2); 
% run: 
vsaf_r = filtfilt(b,a,vsa_r); 
vsbf_r = filtfilt(b,a,vsb_r); 
% plot smoothed and unsmoothed signals 
figure(1) 
plot(t_c1,vh_c1,'b',t_c1,vhf_c1,'r'); title('hammer'); 
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figure(2) 
plot(t_c1,vsa_c1,'b',t_c1,vsaf_c1,'r'); title('strain gauge a');  
figure(3) 
plot(t_c1,vsb_c1,'b',t_c1,vsbf_c1,'r'); title('strain gauge b');  
% Convert to hammer signal to Newtons 
% Cal1: 
fhf_c1 = vhf_c1/HammerCal; % force-hammer-filtered-Cal1 
% Cal2: 
fhf_c2 = vhf_c2/HammerCal; % force-hammer-filtered-Cal2 
% Use a certain number of sample points only to design impulse response 
% filter: 
npt = 500; 
% Identify basis functions (removing the delay) 
% Ensure first point in strain signals is nonzero, but 
% first point in force signal can be zero. 
% Cal1 
va_c1 = vsaf_c1(nsa_c1:nsa_c1+npt); 
vb_c1 = vsbf_c1(nsb_c1:nsb_c1+npt); 
f_c1 = fhf_c1(nhs_c1-13:nhs_c1-13+npt); % adjusted by certain number of points so 
first point in force signal is close to zero 
% Cal2 
va_c2 = vsaf_c2(nsa_c2:nsa_c2+npt); 
vb_c2 = vsbf_c2(nsb_c2:nsb_c2+npt); 
f_c2 = fhf_c2(nhs_c2-4:nhs_c2-4+npt);  
% run 
va_r = vsaf_r(nsa_r:nsa_r+npt); 
vb_r = vsbf_r(nsb_r:nsb_r+npt); 
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% Plot basis functions 
figure(4) 
plot(f_c1); title('hammer') 
figure(5) 
plot(va_c1); title('strain gauge a');  
figure(6) 
plot(vb_c1); title('strain gauge b');  
% Plot basis functions 
figure(7) 
plot(f_c2); title('hammer') 
figure(8) 
plot(va_c2); title('strain gauge a');  
figure(9) 
plot(vb_c2); title('strain gauge b');  
% Obtain the impulse response filters: 
% Use Cal1 results 
ha_c1 = V2F_IRF(va_c1,f_c1,dt_c1,0); 
hb_c1 = V2F_IRF(vb_c1,f_c1,dt_c1,0); 
% Use Cal2 results 
ha_c2 = V2F_IRF(va_c2,f_c2,dt_c2,0); 
hb_c2 = V2F_IRF(vb_c2,f_c2,dt_c2,0); 
F_c1a = fftfilt(ha_c1,va_c1); 
% Now see if we can use these filters to back out the hammer force from  
% Cal2 
F_c2a = fftfilt(ha_c1,va_c2); 
F_c2b = fftfilt(hb_c1,vb_c2); 
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close all 
nplot = 100; 
plot(t_c2(1:nplot),[f_c2(1:nplot),F_c2a(1:nplot),F_c2b(1:nplot)]) 
% run: 
F2 = fftfilt(hb_c1,vb_r); 
plot(t_r(1:100),F2(1:100)) 
xlabel('time (s)') 
ylabel('force (N)') 
pause; 
close all; clc;
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Figure 1: The layout of the taps for operating the WPD 
To load: 
1. Ensure tap 4 is opened to relieve pressure from the system. LEAVE OPEN 
2. Ensure tap 3 is open 
3. Push piston up barrel with hose 
4. Assemble WPD  
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5. Close tap 4 and tap 3 
6. Charge system to 30psi 
7. Open tap 1 to push top valve across into the closed position 
8. Back off regulator to zero 
9. Open tap 4 
10. Close tap 1 
11. Close tap 4 
To fire: 
1. Ensure screen is in place 
2. ENSURE SOLENOID SWITCH IS CLOSED 
3. Ensure all taps are closed 
4. Open tap 3 
5. Charge system to required pressure 
6. CLOSE TAP 3 
7. Open tap 2 
8. Evacuate building  
9. Fire from outside building with remote solenoid switch 
Post firing: 
1. Turn solenoid switch off 
2. Turn off air supply and relieve pressure (shop air or bottle) 
3. Open tap 3 and 4 to relieve residue pressure from cylinder (is any remains) 
4. Remove screen and inspect WPD for signs of yielding and damage 
5. Uncouple lead to transducer and place plastic cap on sensor 
6.  Mop up excess water spill then disassemble WPD 
7. Tape nozzle  
8. Fill reservoir with water 
9. Tape reservoir top 
10. Grease contacting faces 
11. See “To Load” section 
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